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Summary 

Down syndrome (DS) is a major cause of mental retardation and heart disease. Although it is usually 
caused by the presence of an extra chromosome 21, a subset of the diagnostic features may be caused by 
the presence of only band 21q22. We now present evidence that significantly narrows the chromosomal re- 
gion responsible for several of the phenotypic features of DS. We report a molecular and cytogenetic analy- 
sis of a three-generation family containing four individuals with clinical DS as manifested by the character- 
istic facial appearance, endocardial cushion defect, mental retardation, and probably dermatoglyphic 
changes. Autoradiograms of quantitative Southern blots of DNAs from two affected sisters, their carrier fa- 
ther, and a normal control were analyzed after hybridization with two to six unique DNA sequences 
regionally mapped on chromosome 21. These include cDNA probes for the genes for CuZn- superoxide 
dismutase (SOD1) mapping in 21q22.1 and for the amyloid precursor protein (APP) mapping in 21qll.2- 
21.05, in addition to six probes for single -copy sequences: D21S46 in 21qll.2-21.05, D21S47 and SF57 in 
21q22.1-22.3, and D21S39, D21S42, and D21S43 in 21q22.3. All sequences located in 21q22.3 were pres- 
ent in three copies in the affected individuals, whereas those located proximal to this region were present 
in only two copies. In the carrier father, all DNA sequences were present in only two copies. Cytogenetic 
analysis of affected individuals employing R and G banding of prometaphase preparations combined with 
in situ hybridization revealed a translocation of the region from very distal 21q22.1 to 21qter to chromo- 
some 4q. Except for a possible phenotypic contribution from the deletion of chromosome band 4q35, 
these data provide a molecular definition of the minimal region of chromosome 21 which, when dupli- 
cated, generates the facial features, heart defect, a component of the mental retardation, and probably sev- 
eral of the dermatoglyphic changes of DS. This region may include parts of bands 21q22.2 and 21q22.3, 
but it must exclude the genes S0D1 and APP and most of band 21q22.1, specifically the region defined by 
S0D1 , SF57 and D21S47. 



Introduction 

Down syndrome (DS), a major cause of mental retarda- 
tion and heart disease, is usually caused by the pres- 
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ence of an extra chromosome 21. In some cases, how- 
ever, it is caused by the presence of only the distal half 
of chromosome 21, band q22 (Epstein 1986). This band 
has been called the "Down syndrome region," as defined 
by the presence of a subset of the major phenotypic 
features of the syndrome. These features include men- 
tal retardation, congenital heart disease, the character- 
istic facial appearance, and probably the hand anoma- 
lies and dermatoglyphic changes. Furthermore, there 
is some cytogenetic evidence that a duplication of only 
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the: subband 21q22.1 and perhaps 21q22.2 may gener- 
ate most of these abnormalities (Poissonnier et al. 1976; 
reviewed in Epstein [1986]). The gene SOD1, for CuZn- 
superoxide dismutase, is the only cloned gene located 
in this region. Therefore, although its contribution to 
the DS phenotype is still unknown, it had assumed the 
role of being a "molecular marker" of DS. 

Recently, we and others have described rare individ- 
uals with a "partial" DS phenotype who have an ap- 
parently normal karyotype but harbor a small amount 
of extra material from chromosome 21 (Huret et al. 
1987; Korenberg et al. 19886). Molecular analysis of 
these individuals has provided the opportunity to define 
the region of the chromosome responsible for the pheno- 
typic features of Down syndrome. The conceptual ba- 
sis for this approach has been extensively discussed (Ep- 
stein 1986, 1990). We now report a Japanese family 
with a chromosome 21 duplication (or "partial" trisomy 
21) exhibiting many of the characteristic physical fea- 
tures of DS. These include the characteristic DS facies, 
congenital heart disease of the endocardial cushion type, 
and hand anomalies, in addition to other minor fea- 
tures. Mental retardation was also present. From our 
analysis of this family, we have significantly narrowed 
the region responsible for the listed physical compo- 
nents of the DS phenotype by first establishing the exis- 
tence of partial trisomy 21, then by excluding the gene 
APP (amyloid precursor protein) from the trisomic re- 
gion, and, finally, by excluding SOD1 from the region 
of band 21q22.1 involved in the generation of the DS 
features (Korenberg et al. 1988a, 1988b), Moreover, 
by combining molecular characterization with in situ 
hybridization and high-resolution cytogenetic analysis, 
we have been able to narrow the responsible region of 
band 21q22.1 to such a degree that it is below the limit 
of cytogenetic detection. Finally, our findings exclude 
all known cloned genes and some random DNA se- 
quences mapping in band 21q22.1 from the region of 
duplication defined by this family and establish the ba- 
sis for specifying molecular markers for the region of 
chromosome 21 responsible for the phenotypic features 
of DS listed above. 



Material and Methods 

Molecular 

The DNA sequence probes used in these investiga- 
tions are all unique to human chromosome 21. FB68L 
is a cDNA probe corresponding to the 3' end of the 
APP locus (Tanzi et al. 1987). The cDNA probe for 
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SOD1 was a gift from Y. Groner. Probes for D21S39, 
D21S42, D21S43, D21S47, and SFS7 are single-copy 
DNA sequences unique to chromosome 21 (Korenberg 
et al. 1987). Probes were isolated as DNA fragments 
by preparative gel electrophoresis and labeled by oligo- 
nucleotide priming to a specific activity of 2-5 x 10 9 
cpm/microgram according to the manufacturer's speci- 
fications (Amersham, Arlington Heights, IL). 

DNA was isolated (Korenberg et al. 1987) from lym- 
phoblastoid cell lines derived from DS family members 
and from normal unrelated placenta used as a control. 
Each DNA was digested with the restriction enzyme 
£coRI (Bethesda Research Laboratories) according to 
the manufacturer's directions, size separated by 1% 
agarose gel electrophoresis, and transferred to nylon 
membranes (Hybond; Amersham) by standard tech- 
niques (Maniatis et al. 1982). Multiple gels were run, 
each containing at least three lanes of DNA from a given 
family member and two to three lanes of control DNA. 
The nylon membranes were then treated as previously 
described (Korenbeig et al. 1989) and hybridized simul- 
taneously with two to five of the DNA sequences de- 
scribed above. The hybridization probe mix always in- 
cluded a probe for D21S46 as an internal chromosome 
21 reference probe. This sequence has been previously 
mapped to band 21q21 or proximal (Korenberg et al. 
1987) and refined (Korenberg et al. 1986, 1989, 1990) 
to band 21qll.2-21.05. Both assignments were quite 
proximal to the cytogenetically defined duplicated re- 
gion and, therefore, likely to be present in two copies 
in both DS patients and controls. This has been con- 
firmed both by the present analysis and by subsequent 
experimental comparison to a chromosome 17 single- 
copy DNA sequence (data not shown). 

Autoradiographs were generated by exposure of Ko- 
dak XAR film for the time required to bring the band 
signals to an approximately linear range of the film. 
This range was determined using a National Bureau 
of Standards penetrometer (data not shown). The results 
from each autoradiogram resulting from a single gel 
were analyzed separately to generate independent esti- 
mates of DNA sequence copy number, and the data 
from at least two autoradiograms were averaged and 
statistically analyzed. 

Each lane of the autoradiogram was scanned by a 
Helena EDC densitometer, -and the areas under each 
peak were integrated by computer. The copy number 
of each sequence is calculated as follows. First, the ra- 
tio of the density of the unknown band to that of band 
D21S46 (the reference sequence) in the patient's DNA 
is calculated. Second, the same ratio is calculated in 
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the placental control DNA. Third, the standardized ra- 
tio, which represents the relative copy number of the 
unknown and reference sequences, is then calculated 
by dividing the ratio in the patient's DNA by the ratio 
in the control DNA. This is done separately for each 
lane of DNA, and the results are averaged for each pa- 
tient across all lanes and statistically analyzed by the 
one-tailed f-test. 

Cytogenetics and In Situ Hybridization 

The probe for DNA sequence D21S39 was radiola- 
beled by nick translation as described in Magenis et 
al. (1985) to a specific activity of 3.75 x 10 7 dpm/ng 
using [ 3 H]dTTP (65 Ci/mmol) and [ 3 H]dCTP (60 Ci/ 
mmol; Amersham). 

Lymphoblastoid cells from the father (III-l) and 
affected individuals IV-1 and IV-2 were synchronized 
with amethopterin to obtain an adequate number of 
cells in early metaphase (Yunis and Chandler 1977). 
Chromosome analyses were performed using trypsin 
G-banding and fluorescent R-banding with chromomy- 
cin A3/distamycin A (Schweizer 1980). 

In situ hybridization, silver-grain analysis, and pho- 
tography were done as described elsewhere (Magenis 
et al. 1985). After development, the slides were R-banded 
using a modification (Magenis et al. 1985) of the tech- 
nique of Schweizer (1980). 

Results 

Clinical 

The pedigree of the three-generation Japanese fam- 
ily in which DS is segregating and photographs of the 
four affected individuals are shown in figures 1 and 2, 
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Figure I Pedigree of family with Down syndrome. 6/ A indi- 
cates individuals studied; O / □ indicates balanced translocation t(4:21) 
carriers; • / ■ indicates Down syndrome patients. 




Figure 2 Photographs of the four affected individuals, a, Pa- 
tient IV-1 at 6 1/2 years; b, patient IV-2 at age 2 years; c, patient 
IV-3 at 1 mo; d s patient III-6 at 30 years. 



respectively, and the clinical findings are summarized 
in table 1. Taken together, the four patients exhibit the 
characteristic facial features of DS and are retarded; two 
have congenital heart disease, and two have most of 
the characteristic dermatoglyphic findings. One of the 
four had a history of hypotonia. 

Cytogenetics and Molecular Analyses 

Initial high-resolution G-banding analysis of the chro- 
mosomes of IV-1 and IV-2 revealed an apparently nor- 
mal karyotype, with two normal chromosomes 21. 
However, high-resolution cytogenetic analysis of the fa- 
ther (III-l) of patients IV-1 and IV-2, and of the mothers 
of patients IV-3 and III-6 (fig. 1), revealed an abnor- 
mality of chromosome 21 in the region 21q22.1-22.2 
in a karyotype that otherwise appeared normal. 

To define the genetic content of the potentially dupli- 
cated region of chromosome 21 in these patients and 
its familial transmission, we performed a molecular 
analysis of the DNA of IV-1 and IV-2 and of their clini- 
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Table I 

Features of Affected Individuals 



IV-1 

6.5 
-0.9 SD 



IV-2 
2 

-1.8 SD 



+ 
+ 

Motor speech 
-1.8 SD 



Speech 
-1.4 SD 



IV-3 
Death at .5 



IH-6 
34 



+ 
+ 
+ 



Age at evaJuation (years) 

Microcephaly 

Flat occiput 

Hypotonia 

Lax ligaments 

Poor suck at birth 

Delayed milestones 

Short stature 

Failure to thrive 

IQ 

Dementia 

Flat facies 

Upslanted palpebral fissures .... 

Epicanthic folds 

Telecanthus 

Flat nasal bridge 

Dentition abnormal 

Macroglossia 

High palate 

Open mouth 

Ears cupped or low set 

Short neck 

Heart disease 

Broad hands 

Brachydactyly 

Fifth-finger clinodactyly 

Dermatoglyphics: 
Finger pads 

Third interdigital loops 

Hypothenar patterns 

Distal axial triradius (t") 

Single transverse 

palmar crease 

Hallucal fibular loop 

First interdigital loop 

Sole open field patterns 

Note. -Presence ( + ) or absence { - ) of each feature is noted as indicated. Features for which no 
information is available are indicated by blank spaces. ASD = atrial septal defect; ECD = endocardial 
cushion defect; UL = ulnar loop; W = whorl. 



+ 


- 




42 (at 6 years) 




Retarded 


+ 


+ 


+ 


+ 


+ 


+ 


+ 


+ 


+ 


+ 


+ 




+ 


+ 


+ 


+ 






+ 


+ 




+ 






ASD 




ECD 


+ 






+ 


+ 




+ 






10 UL 


3 UL, 






7 W 




+ 


+ 




Bilateral 


Bilateral 




+ (left) 


Bilateral 




Bridged 






left crease 






Bilateral 


Bilateral 




Bilateral 


Bilateral 




Bilateral 


Bilateral 





cally normal father. For this purpose we used a fine 
structure molecular map of chromosome 21 constructed 
by isolating 13 single-copy DNA sequences unique to 
chromosome 21 and establishing their regional loca- 
tion using a somatic cell hybrid and then a panel of 
DNAs from cells aneuploid for only parts of chromo- 
some 21 (Korenberg et al. 1986, 1987, 1989; J. R. 
Korenberg and T. Falik-Borenstein, unpublished data). 



Figure 3 shows four segments of the map, which are 
represented by eight DNA sequences. To analyze the 
extent of the suspected chromosome 21 duplication in 
the family being studied, we investigated the copy num- 
ber of each of these sequences. D21S46 and APP are 
located in 21qll.2-q2L05, outside the previously defined 
classical DS phenotype region, and APP is located be- 
low D21S46 (Korenberg et al. 1987, 1989; Patterson 
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Figure 3 Physical map of chromosome 21 showing location 
of the chromosome 21-specific DNA sequences analyzed in the pres- 
ent study. 



et al. 1988); SOD1 maps to the region including 21q22.1 
(Sinet et al. 1976). Two single-copy random DNA se- 
quences, SFS7 and D21S47, also map to the region in- 
cluding band 21q22.1 through proximal q22.3 (Koren- 
berg et al. 1987; J. R. Korenberg and T. Falik-Borenstein, 
unpublished data). Finally, D21S39, D21S42, and 
D21S43 are located in mid-band 21q22.3 (J. R. Koren- 
berg and T. Falik-Borenstein, unpublished data). 




-APP 
-D21S39 



D21S42 
D21S46 



Figure 4 Autoradiogram of DNAs from patient IV-1 and from 
a control hybridized to chromosome 21 DNA sequences. The three 
lanes on the left, labeled 21 DUP, each contain DNA from this pa- 
tient, and the two on the right contain control DNA. Probe names 
are indicated at the right and EcoRl fragment sizes are indicated on 
the left of the autoradiogram. 



We determined the relative copy number of specific 
DNA sequences using quantitative Southern blot dos- 
age analyses as described above. Figure 4 presents an 
illustrative autoradiogram used for the analysis of DNA 
sequences D21S46 (the reference sequence), D21S47, 
SF57, D21S42, and D21S39. Table 2 shows the results 
of the statistical analysis of the results obtained with 
these sequences, as well as D21S43 and the genes SOD1 
and APR The copy number of each DNA sequence is 
presented along with the standardized ratio obtained 
for DS patients IV-1 and IV-2 and their normal father 



Table 2 

Chromosome 21 DNA Sequence Copy Number 

xa n Mean Ratio (±SE) 

Map Position and 

DNA Sequence IV-1 IV-2 Carrier Father 

Ql 1.2-21 .05: 

FB68L {APP) 91 (.044) 1.0 .8 

Q22.1: 

SOD1 1.01 (.034) 1.1 .9 

D21S47 93 (.04) NT NT 

SF57 94 (.07) NT NT 

Q22.3: 

D21S39 1.53 (.035)* 1.8** 1.1 

D21S42. 1.6 (.04)* 1.74** 1.1 

D21S43 1.83 (.16)* NT NT 

Note. — NT = not tested. 

♦Different from 1.0 by /-test; P < .0001. 

"Different from 1.0 by /-test; P< .05. 



Copy Number 



IV-1 IV-2 Carrier Father 
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Figure 5 Physical map of chromosome 21 showing location 
of DS phenotypic region defined by the present study. 



III-l. In the two affected individuals, D21S39, D21S42, 
and D21S43 are present in three copies, whereas SF57, 
D21S47, SODl and APP are present in only two. There- 
fore, as summarized in figure 5, in this family there is 
a duplication which includes bands 21q22.2 and 
21q22.3 but excludes the region of band 21q22.1 defined 



by our probes. SOD1, APP, and the sequence D21S46 
have been excluded from the region of the duplication. 
CuZn-SOD enzyme activities in red blood cells were 
found to be normal in IV-1 and IV-2 and in their par- 
ents (data not shown). 

To detect the presumed translocated segment, in situ 
hybridization was performed on cells from DS patients 
IV-1 and IV-2 and from their normal father III-l, using 
the probe for D21S39 which we had shown to be in 
the duplicated region. The results shown in figure 5 
confirmed the presence of a balanced translocation be- 
tween chromosomes 4 and 21 in the normal father (III- 
1). A low background and the presence of all grains 
only over chromosomes permitted accurate assignment 
of map position. Of the total grains observed in a sin- 
gle individual, no chromosomal band had more than 
a single overlying grain except the following. In 100 
cells examined from the father (fig. 6) there were 136 
grains, of which a significant proportion of grains were 
seen on the normal chromosome 21 (14% of the cells; 
10% of the grains) and at the telomeric region of the 
derivative chromosome 4 (6% of the cells; 4.3% of the 
grains), but not on the derivative chromosome 21 or 
the normal 4, suggesting the presence of 4;21 translo- 
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Figure 8 GBG-banded ideogram of the 4;21 translocation 
shown in fig. 7. Arrows indicate the breakpoints on distal chromo- 
some 21q22.1 at the 21q22.2 border and on chromosome 4q35 
proximal. 



cation. In 100 cells examined from IV-1, there were 119 
grains found with 8 grains (7% of grains) over chromo- 
somes 21 and 6 grains (5% ) over the derivative 4. Simi- 
larly, in 80 cells examined from IV-2, there were 111 
grains found. Fifteen of these were over the distal 21 
(18.8% of cells; 13.5% of grains), and 12 (15.0% of 
cells; 10.8% of grains) were on the distal tip of the 
derivative 4. These findings indicated the presence of 
a 4;21 translocation chromosome in addition to two 
normal chromosomes 21. The presence of the 4;21 
translocation was confirmed with R-banding, and the 
breakpoints were defined with high-resolution G-band- 
ing as being in very proximal 4q35 and in distal 21q22.1 
at the 21q22.2 border (Harnden and Klinger 1985) (figs. 
7 and 8). At the level of resolution employed (about 
550 bands/haploid genome), the unitary nature of 
the distal G-band, 4q34, suggests that the apposed break 
in chromosome 21 was below the limit of cytogenetic 
detection in distal 21q22.1 or in 21q22.2 as schema- 
tized in figure 8. Therefore, affected individuals, in ad- 
dition to having a duplication of distal chromosome 
21q, have a deletion of 4q35. 

Discussion 

We have described a three-generation family segregat- 
ing four individuals with the phenotypic features of DS, 
three of them shown to be associated with a chromo- 
some 21 rearrangement and the fourth untested. Using 
quantitative Southern blotting we first established that 
the duplicated region excludes DNA sequences map- 
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ping in 21q21 {APP 9 D21S46) and in 21q22.1 (SOD1 
and probably D21S47, SF57), but includes DNA se- 
quences likely mapping in band 21q22.3 {D21S39, 
D21S42, D21S43). Using D21S39 as a probe for in situ 
hybridization, we next established the existence of a 
4;21 translocation, carried in the balanced state in in- 
tervening relatives in the pedigree, but in the unbalanced 
state in two of the individuals with phenotypic DS, re- 
sulting in partial trisomy 21. High-resolution cytogenetic 
analysis then excluded most of band 21q22.1 from the 
duplicated region, greatly narrowing the chromosome 
21 region responsible for the facial features, heart 
defects, and probably the dermatoglyphic changes char- 
acteristic of DS seen in this family. 

The Down Syndrome Region 

The complete panoply of phenotypic features seen 
in Down syndrome (Epstein 1986) includes a large set 
of physical and biochemical features, but a subset of 
these is of obvious diagnostic, clinical, and social 
significance, namely, the facial appearance, congenital 
heart disease, and mental retardation, respectively. Previ- 
ous work has shown that this subset of features may 
be produced by duplication including only band 21q22, 
as initially suggested by Niebuhr (1974), and perhaps 
only band 21q22.1-21q22.2 for the facial appearance 
and mental retardation (Poissonnier et al. 1976; Sum- 
mitt 1981; Epstein 1986; Park et al. 1987). The impor- 
tance of the 21q22 region for the production of the clas- 
sical facial features of DS is emphasized by the lack of 
these features in individuals partially trisomic for other 
regions of chromosome 21. For example, duplication 
of 21pter-proximal q21 may be associated with a nor- 
mal phenotype (Daniel 1979). Similarly, duplication 
of 21pter-q21 (likely of a larger region than the former 
case) does not appear to produce the characteristic DS 
subset of features but, rather, a different subset that 
shares only mental retardation in common, in addition 
to marked microcephaly, short stature, and hypoplas- 
tic nails (Park et al. 1987). Although these features may 
occasionally be a part of the DS phenotype, they are 
not constant or specific (Jackson et al. 1976) and there- 
fore have not contributed significantly to the diagnosis 
of DS. 

The precise assignment of a phenotypic feature to 
a particular region of chromosome 21 is limited by the 
resolution of cytogenetic analysis. Moreover, pheno- 
typic mapping is made more difficult by the variability 
of phenotype of individuals with full trisomy 21. For 
example, only 40% of such cases have congenital heart 
disease. Indeed, in the published literature there is only 
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one case of partial trisomy 21 with congenital heart 
disease (Miyazaki et al. 1987). This variable expres- 
sivity is particularly important in that it limits pheno- 
typic mapping power, because a phenotypic feature may 
be mapped by its presence but not excluded by its ab- 
sence. In addition, cases of partial trisomy are rare, fre- 
quendy associated with unbalanced translocations, and, 
therefore, usually accompanied by other aneuploidy 
which complicates the assignment of a particular fea- 
ture to a region of chromosome 21. Consequently, al- 
though there is general agreement on the necessary in- 
volvement of band 21q22 in generating the characteristic 
facial appearance, mental retardation, and heart dis- 
ease, there is little information on further subdivision 
of this region. 

Our study has circumvented many of the above prob- 
lems by the combined clinical, cytogenetic, and molec- 
ular analysis of a family with four cases of DS, all pre- 
sumed to have the identical duplicated region. Although 
the affected members exhibit the phenotypic variabil- 
ity characteristic of trisomy 21, taken together they ex- 
hibit a broad subset of clinical DS features. We have, 
therefore, physically mapped the features seen in this 
family to the duplicated region that clearly involves 
21q22.2-q22.3 and may include very distal 21q22.1, be- 
low the limit of cytogenetic detection. The features so 
mapped include the facial appearance (flat facial profile, 
upslanting palpebral fissures, epicanthal folds, flat na- 
sal bridge, open mouth, protruding tongue), congeni- 
tal heart defect of the endocardial cushion type, 
clinodactyly of the fifth finger, and probably the short 
fingers and dermatoglyphic changes (table 1). Neona- 
tal hypotonia was noted only in patient IV-3, and this 
may have been due in part to her severe cardiac failure. 
This feature was, therefore, not mapped to the region 
under consideration. 

These results are in agreement with those of McCor- 
mick et al. (1989) and may include regions in common 
with but below the limit of cytogenetic resolution of 
the patient of Poissonier et al. (1976), as analyzed in 
Rahmani et al. (1989). Both cases have some features 
of DS. However, study of the present family has also 
afforded an opportunity to define the chromosomal re- 
gion responsible for the congenital heart disease in ad- 
dition to the other phenotypic features of DS. 

The necessary deletion (partial monosomy) of 4q35- 
4qter may also contribute to the phenotype seen in this 
family, particularly to the mental retardation. However, 
this deleted region is far smaller than any 4q deletion 
previously discussed. All of the three cases reported in- 
cluded a larger region, 4q32-qter (Fryns et al. 1981) 
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or 4q33-qter (Mitchell et al. 1981; Stamberg et al. 1982), 
than that deleted in our family. These individuals had 
minor physical abnormalities (short nose, small mouth, 
cleft palate, small lower jaw, and limb abnormalities) 
in addition to mild developmental delays. Further, none 
of these had cardiac defects. Moreover, of the two 
reported patients in whom formal testing were done, 
both were of relatively high mental function. One had 
an IQ of 83-88 (within the low normal range), and 
the other, the one with the large 4q32-qter deletion, 
had an IQ of 68. Finally, although cardiac defects are 
seen with much larger deletions of 4q, none are of the 
endocardial cushion type seen in our family and char- 
acteristic of DS (reviewed in Mitchell et al. [1981]). These 
observations suggest that, although the 4q35 deletion 
in our patients may contribute to their physical features, 
both the endocardial cushion defect and some, though 
not necessarily all, of the mental impairment seen in 
our patients is produced by the duplication of chromo- 
some 21. Finally, it is unlikely that genetic position 
effects of genes at the chromosomal breakpoints con- 
tribute significantly to the DS phenotype in this family, 
since the balanced translocation carriers are phenotyp- 
ically normal. 

For cytogenetic diagnostic purposes, it is important 
to note that the presence of a chromosome 21 translo- 
cation was strongly suspected from the pedigree and 
from the abnormal 21 observed in the normal father. 
However, it was still possible that the abnormal chro- 
mosome 21 carried an internal rearrangement predis- 
posing to secondary meiotic duplication events that 
resulted in offspring with the appearance of DS. Indeed, 
no other karyotypic abnormality was detected by high- 
resolution G-banding until chromosome 4 was found 
to be abnormal by in situ hybridization and R-banding. 
This difficulty arises when translocations involve ap- 
proximately equal pieces with similar banding patterns. 
In such cases, fluorescent R-banding may allow a differ- 
ential degree of fluorescence among R-bands that may 
permit easy definition of a rearrangement. This caveat 
is well illustrated by our cases and has been empha- 
sized in previous cases of 4;21 translocations (Dutril- 
laux et al. 1973; Mattei et al. 1981). 

From our study we can conclude that the overexpres- 
sion of both APP and SOD1 is not necessary for the 
development of the phenotypic features seen in this fam- 
ily, including some elements of mental retardation. 
However, it is quite possible that the overexpression of 
APP contributes both to the neuropathology found in 
older individuals with trisomy 21 and to the dementia 
that sometimes results. Similarly, it is clear from ex- 
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periments with the SOD1 transgenic mouse (Epstein 
et al. 1987) that the overexpression of SOD1 may 
significantly alter both the expression of neurotrans- 
mitters (Elroy-Stein and Groner 1988) and neural histol- 
ogy (Avraham et al. 1988). Therefore, the potential im- 
portance of genes outside the molecular region defined 
in this report in the genesis of the overall phenotype 
of DS resulting from complete trisomy 21 cannot be 
underestimated (Epstein 1990). Nothing reported here 
is intended to imply that the region of duplication 
defined in the family being reported constitutes the en- 
tire segment of chromosome 21 responsible for the com- 
plete phenotype of DS. However, clinical and molecu- 
lar investigation of such individuals should provide clues 
to defining the genetic basis of their phenotypes. 
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Introduction 

Progress in the genetic and physical mapping of chro- 
mosome 21 has now reached the point at which it is 
possible to begin the correlation of the phenotypic 
components of Down syndrome with imbalance of 
specific regions of the components of the chromo- 
some. Several preliminary efforts in this direction have 
already been made and suggest that the phenotypic 
and molecular analysis of relatively rare individuals 
with chromosome 21 duplications ("partial trisomy") 
can be used to specify which regions of chromosome 
21 are involved in the generation of specific compo- 
nents of the phenotype (see below). The ultimate goal 
of correlating genotype with phenotype (phenotypic 
mapping) is to make it possible to discover which par- 
ticular genes are responsible for which aspects of the 
phenotype, thereby permitting the pathogenesis of the 
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syndrome to be elucidated and, it is hoped, its most 
serious consequences to be prevented or ameliorated. 

To facilitate the process of making a phenotypic 
map of Down syndrome, a workshop was sponsored 
by the National Institute of Child Health and Human 
Development on April 24-25, 1990, to develop proto- 
cols for obtaining and recording the necessary pheno- 
typic, cytogenetic, and molecular data. It is antici- 
pated that these protocols will provide the basis for 
analyzing and comparing the phenotypes and geno- 
types of individuals with different duplications involv- 
ing the long arm of chromosome 21 5The protocols 
which have-been' developed were designed to provide 
a uniform and precise specification of the phenotype 
and degree of chromosome imbalance of each individ- 
ual to be studied. Although, theyA are not intended for 
use in the diagnosis or investigation of Down .syn- 
drome per se,. these protocols should nonetheless 
prove useful for these purposes and possibly for the 
carer of, persons witlvvDown syndrome.^ ^ 

Rationale for Making Genotype-Phenotype Correlations 
from Analysis of Chromosome Duplications 

The theoretical basis for phenotypic mapping of 
components of aneuploid syndromes has already been 
presented in detail (Epstein 1986, 1990). In brief, 
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analysis of a wide variety of such syndromes has dem- 
onstrated that different aneuploid phenotypes are spe- 
cific and are distinguishable from one another in so far 
as overall patterns of features are concerned. From 
this it has been inferred that the aneuploid phenotypes 
are, in the main , determined by the specific genes pres- 
ent in the region of imbalance. Although stochastic, 
environmental, and other genetic factors may influ- 
ence the phenotype in any individual case, they are 
not the determinants of the phenotype. Furthermore, 
comparisons of syndromes resulting from overlapping 
duplications or deletions or from double aneuploidy 
(involving two different chromosomes) have shown 
that it is frequently possible to attribute individual 
components of a phenotype to imbalance of a particu- 
lar chromosomal region. These observations, as well 
as recent work on small-deletion or contiguous-gene 
syndromes, indicate that individual phenotypic fea- 
tures, particularly those which are quite distinctive, 
are likely to be due to imbalance of one or a very 
few genes and should therefore be mappable. These 
observations also suggest that aneuploid phenotypes 
resulting from the presence or absence of a whole chro- 
mosome are not the result of imbalance of a single 
gene or of a single narrowly defined critical region. It 
is likely that a global component of the phenotype, 
such as mental retardation, will have many genetic 
determinants, even on a single unbalanced chromo- 
some. However, it is possible that some determinants 
may have a more powerful influence than others or 
may determine a specific aspect of the retardation and 
will, therefore, be susceptible to analysis. 



Current Status of Genotype-Phenotype Correlations 
in Down Syndrome 

It is now over 30 years since Down syndrome was 
found to be caused by trisomy 21, and more than 15 
years have elapsed since the role of band q22 in causing 
the phenotype of Down syndrome was suggested. 
Two changes in direction have recently been defined. 
First, it is now clear that genes in other regions contrib- 
ute significantly to the phenotype. Second, the emer-^ 
gence of the physical map of chromosome 21 has elimi- 
nated the uncertainty of cytogenetic analyses and has 
made possible the molecular definition of regions re- 
sponsible for specific phenotypic features of Down 
syndrome. A phenotypic map of Down syndrome 
based on cytogenetic analyses is shown in figure 1. 
This map, constructed from 17 well-defined cases of 
chromosome 21 duplications published since 1973, 
shows the overlaps of duplicated regions which are 
associated with the feature(s) indicated. The map 
must, for two reasons, be considered as indicating 
only the minimal regions involved in producing a par- 
ticular feature. Too little information derives from 
small duplications, and the data are incomplete with 
regard to the lack of features in many of the patients. 
Furthermore, such analyses do not indicate the num- 
ber of genes involved. 

The phenotypic map of Down syndrome based on 
molecular analysis of chromosome 21 duplications is 
now emerging from studies conducted by a number of 
groups using the techniques detailed below. There is 
general consensus that, although the facial features of 
Down syndrome may be determined by genes in the 
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region of the DNA marker D2 1 S55-* 2 lqter (Koren- 
berg et al. 1 988, 1 990; McCormick etal. 1988, 1 989; 
Rahmani et al. 1989), the mental retardation results 
from imbalance of genes mapping throughout the chro- 
mosome. One group has suggested that the region 
around D21S55, between D21S17 and ETS2, probably 
contains genes contributing significantly to the patho- 
genesis of some of the facial features (flat nasal bridge, 
macroglossia, folded ears), incurved fifth fingers, gap 
between first and second toes, hypotonia, and mental 
retardation (Rahmani et al. 1990). Moreover, the 
minimal regions likely to contain the gene(s) determin- 
ing the congenital heart disease and the duodenal ste- 
nosis have also been defined, as D2 1 S55-+2 lqter 
(Korenberg et al. 1988, 1990) and D21S8-+D21S15 
(Korenberg et al. 1989), respectively. Although this 
clearly is an exciting start, the future goals are equally 
clear. The size of the regions involved must be reduced 
through the identification and analysis of further in- 
formative cases and the completion of the chromo- 
some 21 physical map. The genes mapping within 
each region must be identified, and their potential 
roles in development be assessed. Finally, but of pri- 
mary importance, each feature of the phenotype must 
be defined, at the cellular, physiological, physical, and 
developmental levels. These studies hold the promise 
of an ultimate understanding of the molecular basis of 
the components of the Down syndrome phenotype, 
including mental retardation, congenital heart dis- 
ease, immune deficits, risk of leukemia, and the link 
to Alzheimer disease. 

Molecular Structure of Chromosome 21 

Knowledge of the physical and genetic maps of 
chromosome 21 underlies the molecular and cytoge- 
netic methods used to determine DNA sequence copy 
number in rearranged chromosomes 21. Long-range 
restriction maps of the long arm of chromosome 21 
have recently been constructed using somatic cell hy- 
brids, irradiation reduction hybrids, Southern blot 
hybridization, and pulsed-field gel electrophoresis 
(PFGE) (Carritt and Litt 1989; Cox et al. 1 990; Gardi- 
ner et al. 1990). These approaches have resulted in the 
placement of over 60 unique DNA markers on the long 
arm, most of which have been ordered. In addition, a 
genetic linkage map of the chromosome is emerging 
(Tanzi et al. 1988; Petersen et al. 1991). 

At the International Workshop on Chromosome 21 
held on April 2-3, 1990, and attended by representa- 
tives of most of the laboratories of the world involved 



in the mapping of this chromosome, a number of ac- 
tions relevant to genotype-phenotype mapping of 
Down syndrome were taken (Cox and Shimizu 1 990). 
A set of 27 ordered, freely available, and well-spaced 
reference DNA probes spanning the long arm were 
defined. A set of 1 2 highly polymorphic genetic anchor 
markers well spaced along the chromosome were also 
defined, and a set of five somatic cell hybrids dissecting 
21 q into well-defined regions were chosen (table 1). 
These reagents all yield consistent results and are 
readily available, and it was suggested that kits be 
prepared for each set of resources. It is now recom- 
mended, therefore, that new chromosome 21 arrange- 
ments, including translocations, duplications, and de- 
letions, be defined initially in terms of these DNA and 
genetic markers and hybrids. 

Once new chromosome 21 rearrangements are de- 
fined in terms of these markers, it will often be possible 
to refine these boundaries further by using subsets of 
probes already known to be in the same approximate 
region as the rearrangement boundary of interest. In 
general , there is a higher density of well-ordered mark- 
ers in 21q22-*qter, so significantly increased resolu- 
tion is possible in this region of the chromosome. 

Analysis of Data 

The workshop participants did not establish a spe- 
cific approach to the analysis of the clinical, molecu- 
lar, and cytogenetic data which are expected to be 
obtained. It is assumed, however, that the data will be 
handled by methods similar to those that have been 
used for syndrome identification and classification and 
for phenotype-karyotype correlations in the past. 

There are two principal analytical approaches to 
the correlation of genotype with phenotype. The first 
is applicable to features taken separately, not for "pat- 
terns," and consists of comparisons of the phenotypes 
of patients with chromosome duplications, to extract 
those features that are observed only when specific 
segments of chromosome 21 are duplicated. The second 
approach consists of the use of methods of classifica- 
tion to arrange patients with duplications into discrete 
classes on the basis of their phenotypic relationships 
and then to look at the chromosomal segments dupli- 
cated in such clusters of patients. If clusters so defined 
are found to correspond to specific duplications, it 
will be possible to assign a specific phenotype to a 
chromosome-specific segment. 

Several methods of classification developed in the 
past (Sokal 1974) have been adapted to syndrome 
definition (Preus and Aym6 1983; Preus et al. 1984). 
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Table I 

Proposed Chromosome 21 Genetic and Physical Markers 

Anchor Hybrids Reference Markers 



Centromere 



ACEM(qlU)- 



4;21(qn.2) 
l;21(q21.05) 

ACEM(q22.1) 



10;21(q22.2) 



D21S16* 
D21S13'* 
D21S4* 
D21S52'* 



D21Sl/D21SU b 
D21S18 


D21S8'* 

APP* 

D21S1U* 


D21S93 

SODV 

D21SS8* 

D21S17* 

D21S5S** 


; D2lS82 b 


D21S3* 


HMG14>* 



CM8210 



GM1881 



-GM9542 



D21S15'* 

MXV- h 

D21S19* 

CRYAV 

PFKL* 

CD18* 

COL6AV* 

S100B 



-D2lSU3 b 
-D2lSll2 b 



Telomere 

Source. — Modified from Cox and Shimizu (1990). 
• STS. 

b Genetic anchor marker. 



Experience has shown that both the analysis of indi- 
vidual features and the classification of patients into 
homogenous classes (syndromes) by the methods of 
numerical taxonomy require the development of a list 
of characters or descriptors showing a high interob- 
server consistency. It is to this end that the clinical 
protocols that follow have been developed. Pheno- 
typic characters may be coded in a binary manner 
(present/absent), as counterstates (hyperplastic/hy- 
poplastic), or as ordered multistates arranged ac- 
cording to severity or quantitative classification. For 
the assessment of specific phenotypes related to dif- 
ferent duplications, the similarity of each pair of sub- 
jects is scored with respect to each character. A similar- 



ity matrix based on all possible pattern combinations 
found in all individuals is constructed, and a total 
similarity coefficient is calculated for each arrange- 
ment of two subjects. This matrix is then analyzed by 
a combination of clustering or ordination (principal 
component analysis) techniques to search for identifi- 
able partial duplication syndromes. 

The Protocols 

The protocols for specifying the cytogenetic and 
molecular status of each individual and for recording 
his or her clinical status are presented in the following 
sections of this report. As much as has been possible, 
the clinical protocols have been designed so that the 
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items may be checked off or filled in, and these sections 
should be largely self-explanatory. However, because 
of the complexity of the evaluation of central nervous 
system function, an Appendix describing the rationale 
for the proposed neurological and psychological eval- 
uations has been prepared. The detailed evaluation 
of the neurological (including neurophysiological and 
anatomical) and psychological aspects of chromo- 
some 21 duplications is considered to be of particular 
importance because of the evidence that particular ar- 
eas of cognitive functioning and language may be par- 
ticularly impaired in Down syndrome (see Appendix). 

Protocols for the Molecular, Cytogenetic, 
and Clinical Analysis of Persons with 
Chromosome 21 Duplications 

Molecular Analysis of Chromosome 2 1 Duplications 

The molecular methods for determining DNA se- 
quence copy number are of two types: those based on 
quantitative densitometry, with or without the analy- 
sis of restriction-fragment polymorphisms, and those 
based on direct estimation of radioactive signals. Both 
types of methods estimate the copy number of DNA 
sequences in aneuploid DNAs by comparing the signal 
from a sequence of unknown copy number withjthat 
of a reference sequence the copy number of which in 
the aneuploid DNA is knowro The ratio of these sig- 
nals in the aneuploid DNA is then compared with the 
corresponding ratio derived from diploid DNA. All 
methods are labor intensive and exacting, but they are 
capable of generating clear results when the appro- 
priate variables are carefully controlled. 

Southern blot dosage analysis. — This technique allows 
the assessment of copy number of any unique chromo- 
some 21 sequence. Southern blots are constructed 
with restriction enzyme-digested aneuploid and dip- 
loid DNAs, hybridized simultaneously with both a 
probe for. a potentially duplicated region of chromo- 
some 21 and a reference probe, and the resulting band 
signals are measured by densitometry; This process is 
repeated with a series of chromosome 21 probes until 
the full extent of the duplicated and nonduplicated 
regions is defined (see above and table 1). 

It is important to note that a variety of technical 
considerations, including the detailed aspects of gel 
running, transfer, fixation, and hybridization, all sig- 
nificantly affect the outcome (protocols available from 
J.R.K. on request). Because of this, criteria for tech- 
nical acceptance of an autoradiogram should be de- 
veloped prior to viewing results from a given blot. 



Reference sequences may be located on the same 
chromosome (which controls for chromosome loss) or 
on different chromosomes (which obviates problems 
with complex rearrangements) and, for best results, 
should be hybridized simultaneously with the un- 
known copy-number sequences and should be of simi- 
lar band size and shape to avoid problems of differen- 
tial DNA loss between hybridizations. Standardized 
methods that are known to result in complete enzyme 
digestions must be used. Multiple lanes of both aneu- 
ploid and diploid control DNAs should be run, prefer- 
ably in an alternating pattern, and the diploid DNAs 
used for the control should be isolated from the same 
tissue as the patient sample. Exposures should be car- 
ried out to generate bands for analysis that are in the 
linear range of the film, and statistical analysis should 
be performed on the results. The standard errors of 
the resulting ratios determine whether three copies of 
a given sequence may be differentiated from two cop- 
ies. It is obviously easier to reach statistical signifi- 
cance for 2*1 copy assessments (as in deletions) than 
for 3-2 copy assessments (in duplications). 

Although exacting, this technique is broadly appli- 
cable to the analysis of all DNA sequences and does 
not require family members to be studied. A further 
advantage of both this and the method utilizing RFLPs 
(see below) is that sources of background signal are 
clearly seen and, in most cases, are separable. 

Densitometry. — Densitometric analysis is used to 
compare radioactive signal intensities obtained by au- 
toradiographic exposures of Southern or slot blots. It 
is essential that signal intensities are within the linear- 
response range of both the film and the densitometer 
being used. The linear range of the film can be deter- 
mined by exposing the film to radioactivity, X-rays, 
or white light. In the first case, Whatman 3-mm filter 
strips can be spotted with 32 P-Iabeled DNA in 1 .5-fold 
increments (Tanzi et al. 1987). In the second method, 
a U.S. National Bureau of Standards Penetrometer 
(wedge step gradient) is used in conjunction with 
X-ray exposure of the film to determine linearity di- 
rectly in a stepwise fashion. In the third case, the film 
is flashed with white light at a series of time intervals 
to determine the linear range. In all of these tech- 
niques, the resulting density signals produced on the 
film are measured after exposure and development, 
and the values are plotted against the respective expo- 
sure modality (amount or duration). The linear range 
of the film is that in which a constant change in expo- 
sure generates a constant change in density when plot- 
ted on a log-linear scale, above and below this range, 
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a given exposure will result in a density change smaller 
than expected. 

In the experimental situation, the absolute density 
of a band or slot is compared with the linear-range 
density values determined by the scale constructed. 
Multiple exposures may be required to bring blot or 
slot bands to the appropriate range. When weak sig- 
nals are expected, the film may be preflashed to in- 
crease the density uniformly to close to the linear 
range. Generally, the linear range of most films is short 
and lies in a limited region of 1-2 OD units. There is 
a second linear range with a shallow slope in the region 
below 1 OD. However, it is important to note that 
different brands and types of film will have different 
linear-response profiles. Moreover, densitometers, 
even those of the same brand and model type, also 
vary in the ranges at which they remain linear. 

Analysis of RFLPs. — This method allows the determi- 
nation of the copy number of polymorphic sequences. 
The Southern blot method described above may be 
combined with RFLP analyses to determine DNA se- 
quence copy number. In this case, the existence of 
three parental alleles is assessed either by the presence 
of a third distinct band or by the increased copy num- 
ber of one band relative to a second as judged by densi- 
tometry (Tanzi et al. 1 987). This technique is the sim- 
plest when parental alleles are available for analysis 
and highly variable multiallelic systems which can dis- 
tinguish each parental allele have been defined. How- 
ever, there are few such systems currently available. 
Therefore, in assessing duplications in which any two 
of the three alleles present are identical, the analysis 
requires densitometry and comparison of the ratio of 
autoradiographic bands in the aneuploid DNA to the 
normal reference ratio determined for that particular 
allelic system as seen in the parent of origin. Conse- 
quently, the densitometric considerations detailed 
above still apply, although the analysis is made some- 
what easier because the distinction reduces from 3*2 
to 2:1 . In the absence of parental DNA samples, ratios 
may be compared with DNAs from normals in the 
population known to carry the same polymorphism. 
PCR technology will be particularly useful for this 
method when sequenced polymorphisms are available 
for closely spaced alleles. A considerable number of 
DNA polymorphisms resulting from short sequence 
repeats are being developed and used in such studies. 

Slot blot methods. — Designed as an alternative to the 
other two methods, the slot blot method also allows 
the assessment of copy number of any unique chromo- 
some 21 sequence (Blouin et al. 1990). The principle 



of the method is as follows: DNAs from the person 
with the chromosome 21 duplication, 'from a known 
individual with trisomy 21 (the trisomic control), and 
from a diploid control are loaded on the same mem- 
brane at a series of concentrations by using a slot blot- 
ting apparatus. Successive hybridizations with chro- 
mosome 21 probes and with a non-chromosome 21 
reference probe are then performed, and the resulting 
signals are quantitated by densitometry. The signals 
for the reference probe are plotted against those for 
the chromosome 21 probe for each DNA preparation, 
and the straight line is calculated by linear-regression 
analysis. A statistically significant difference between 
the regression line for the trisomic control and that for 
the normal subject must be observed. The regression 
line from the patient with the chromosome 21 duplica- 
tion is then tested statistically to determine whether it 
matches with data from either the trisomic control or 
the normal control (a copy of the gene-dosage pro- 
gram is available from P.M.S. on request). Absence of 
hybridization background is checked on a slot without 
DNA and by systematically running control Southern 
blots. The observation of a significant difference be- 
tween the trisomic and normal controls suggests that 
repetitive sequences or other artifacts may not seri- 
ously interfere with the estimate of gene copy number. 
Repeat experiments should give the same results. At- 
tention to using undegraded high-molecular-weight 
DNA and to complete access of the filter to the DNA 
(no bubbles) is critical to success. Linearity of signal 
density must also be considered in this technique. 

Direct counting of hybridization signals may be 
used to evaluate the radioactive signals from both 
Southern blots and slot blots in all methods described. 
This has been validated both for the slot blot method 
utilizing a machine to directly evaluate slot signals 
(Chettouh et al. 1990) and for methods involving stan- 
dard scintillation counting (Korenberg et al. 1989). 
The advantage of this approach is that, although the 
technical artifacts of Southern blot technology remain , 
the complexities of densitometry are avoided. How- 
ever, as yet the methods are not broadly available. 

Other potential approaches. —The use of PFGE tech- 
nology for quantitative Southern blot analysis is not 
recommended, and its application to the routine defi- 
nition of chromosome breakpoints is not presently an 
efficient approach. This is because, despite significant 
effort, only three breakpoints have been unambigu- 
ously detected in over 20 that were examined. More- 
over, PFGE is not yet a routine laboratory procedure. 
Finally, restriction-site polymorphisms, probably due 
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to differential methylation, may complicate the use of 
PFGE to search for breakpoints. 

An approach which offers some potential advan- 
tages for analysis of chromosome 21 rearrangements is 
the capture of rearranged chromosome 21 's in Chinese 
hamster ovary (CHO) somatic cell hybrids by pub- 
lished procedures (Moore et al. 1977). Use of the 
Ade-C {GAR T-deficient) CHO mutant has proved al- 
most invariably successful here. These mutants re- 
quire purines for growth, and the GART gene, which 
allows growth in the absence of purines, is located in 
the distal region of band 21q22.1. Molecular probes 
for the GART gene and flanking regions are now avail- 
able, so it should be possible to predict with some 
confidence the outcome of this approach in any given 
case. Rearrangements involving other chromosomes in 
translocations often offer additional advantages, since 
at least one member of the translocation pair can be 
captured. Selectable markers often exist on the non- 
chromosome 21 member of the pair, giving additional 
opportunities to selectively retain rearrangements of 
interest. 

The advantage of capturing a rearranged chromo- 
some in a hybrid is that whether a particular DNA 
sequence is present becomes an all-or-none result, 
rather than a 2:1 or 3:2 dosage effect. Disadvantages 
include the required cytogenetic analysis of hybrids, 
the rearrangements that occur in human chromosomes 
maintained in hybrids, the limited number of selective 
systems, and the requirement for selective media in 
which to create and maintain hybrids. The choice of 
whether to construct a hybrid would depend on 
whether the rearranged chromosome contained the 
selectable gene and on the resources and skills avail- 
able to the investigator carrying out the analysis. 

Cytogenetic Analysis of Chromosome 2 1 Duplications 

Banding techniques. — Optimum chromosome eval- 
uation of the patient with Down syndrome and other 
than classic trisomy 21 may require the use of several 
different cytogenetic techniques and approaches. 
When a translocation has been identified or when 
there is an intrachromosomal aberration, high-resolu- 
tion banding at the 700-850-band level is needed for 
breakpoint analysis. The method most frequently used 
to achieve this band level involves synchronization 
with methotrexate, release of the block, and harvest 
at a time calculated to yield the highest number of 
early-metaphase/prophase chromosomes. When even 
higher band levels are necessary, i.e., to approach the 



1,000-2,000-band level illustrated by Yunis (1.981), 
additional procedures are done. 

The use of two banding techniques, each giving 
complementary information, is recommended for 
breakpoint determination. The overall most crisp and 
precise technique for banding chromosomes at the 
600-850-band level is trypsin G-banding. This tech- 
nique best reveals the fine gray bands found at high 
resolution levels in most pale-staining regions, such 
as at the ends of most chromosomes. Fluorescent 
R-banding done with the Latt dual stain method, as 
modified by Schweizer (1980), is the next choice be- 
cause there are sharper demarcations between bright 
and dull regions than occur with other fluorescent 
techniques. Further, it provides R-bands as a contrast 
to the trypsin G-bands and produces differential 
brightness among those R-bands that are the G-band- 
pale regions of many chromosomes. Finally, this 
technique is singularly effective for the production of 
high-resolution chromosome bands after in situ hy- 
bridization with fluorescent probes described below. 
Giemsa R-banding after synchronization and BrdU 
incorporation is also widely used (Viegas-Pequignot 
and Dutrillaux 1978). 

In situ hybridization. — When a subtle chromosome 21 
abnormality is suspected but is not confirmed or is 
unclear with the use of the above banding techniques, 
in situ hybridization with chromosome 21 -specific 
probes may be used to clarify the chromosomal status. 
The choice of the particular probe to be used is critical, 
for, to be informative, the sequence detected by the 
probe must be within the rearranged segment. 

The traditional in situ hybridization technique using 
tritrium-labeled probes permits the probe sequence to 
be short (as small as 0.4-0.5 kb), but it requires 5 d 
or more of exposure in the dark, examination of 50- 
200 cells, and either construction of an idiogram or 
statistical analysis for significance. Also, the exact site 
of hybridization on the chromosome is not evident, 
because of grain scatter, emulsion thickness, and other 
factors. 

The newer nonradioactive techniques, such as bio- 
tinylation of probes which are then detected with flu- 
orescent avidin, generally require a much longer probe 
sequence (2-3 kb). However, these methods allow 
precise localization to both chromatids of the chromo- 
somes bearing a homologous sequence. Thus, a more 
exact localization is possible. Examination of fewer 
cells is needed for significance, and the process can be 
completed overnight (Lawrence 1990). 
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The new in situ hybridization technique of "chro- 
mosome painting" may also prove quite useful, espe- 
cially initially, to identify abnormalities of specifically 
suspected chromosomes that are not otherwise readily 
evident. In this technique, a chromosome 21 -specific 
DNA library is amplified, biotinylated, prehybridized 
with competitor DNA to remove repeated sequences, 
and then hybridized in a manner similar to that used 
for unique-sequence probes. If the library is complete, 
the entire chromosome 21, excluding the regions of 
highly repeated sequences, will "light up," as will any 
part of chromosome 21 which may have been trans- 
located to a different chromosome. A similar probe 
which generates an R-banding pattern may be con- 
structed using PCR technology with primers from the 
Alu sequence (Baldini and Ward 1991). 

Down syndrome with apparently normal karyotype.— 
Evaluation of the patient with the phenotypic features 
of Down syndrome but with an apparently normal 
karyotype requires additional considerations. At least 
two explanations are possible: undetected mosaicism 
may be present, or an extremely subtle chromosome 
21 translocation /rearrangement may be present. 

Mosaicism for standard trisomy 21 in blood may be 
statistically excluded by the examination of 20 (P = 
.05) and 100 (P = .01) cells. However, in this situa- 



tion, a greater number of cells (200-300) is frequently 
examined. When the test is negative, further analysis' 
of mosaicism in fibroblasts may be warranted by the 
clinical evidence for Down syndrome. 

Undetected chromosome 21 material located else- 
where in the karyotype may be found, as indicated 
above under "chromosome painting," for relatively 
large regions. However, smaller regions may be de- 
tected with the use of chromosome 21 region-specific 
DNA sequence mixtures that generate a more intense 
hybridization signal. Even finer distinction of dupli- 
cated regions may be assessed by using either in situ 
hybridization with well-defined cosmids or gene dos- 
age with unique probes. 

Clinical Analysis of Chromosome 2 1 Duplications 

The protocol for recording the phenotype of a per- 
son with a chromosome 21 duplication is presented in 
tabular form suitable for direct reproduction and use. 
Specific references are provided for the items per- 
taining to dermatoglyphics and to the nervous system. 
General reviews containing relevant references for 
other items in the protocol may be found in the work of 
Pueschel and Steinberg (1980), Pueschel and Rynders 
(1982), Epstein (1986), McCoy and Epstein (1987), 
and Trisomy 21 (Down Syndrome) (1990). 
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Appendix 

Development of Protocols for Neurological and 
Psychological Evaluations of Persons with Down 
Syndrome 

The clinical neuroscience of Down syndrome may 
be best viewed as a series of developmental sequences, 
the manifestations of which are age dependent. For 
this reason, the clinical protocols have been organized 
into epochs which have special significance for the 
development and senescence of the individual with 
Down syndrome. The following age categories have 
been observed in protocol development: 

I. Birth-4 mo 

II. 5 mo-6 years 

III. 7-18 years 

IV. 19-35 years 

V; Greater than 35 years 

Although any such partition of development is arbi- 
trary, these categories mark many of the neurological 
milestones seen in Down syndrome. In the neonatal 
period (I), the presenting neurological reflexes are 
characteristic of the disorder. In infancy and early 
childhood (II), language development seems to present 
specific problems for the child with Down syndrome, 
and there is a deceleration in the rate of head-circum- 
ference growth. During the midchildhood years (III), 
there are further consolidations of language and cogni- 
tive development, and the clinical problem of atlan- 
toaxial/atlantooccipital instability may appear. In the 
remaining epochs (IV and V), the neurobiological ob- 
servations pertaining to accelerated loss of function 



and to Alzheimer disease require a specific series of 
measurements and observations. 

The purpose of the clinical neuroscience data base is 
to acquire phenotypic information about the nervous 
system of the individual with Down syndrome, infor- 
mation which may ultimately correlate both with clini- 
cal measures in other systems and with genotypic find- 
ing. Because of the complexity of many of these 
measures, we have chosen to categorize them ac- 
cording to the following disciplines: clinical neurol- 
ogy, neuropsychology and language, neurophysiol- 
ogy, neuroimaging, and neuropathology. 

Clinical Neurology 

The developing nervous system has a limited num- 
ber of recognizable clinical manifestations of disease, 
and these are often not specific for etiology. For this 
reason, there is no pathognomonic neurological pre- 
sentation for Down syndrome, although several fea- 
tures occur with regularity. One of these is generalized 
hypotonia, which is present at birth and persists 
throughout early childhood. The etiology of this mus- 
cular hypotonia remains unknown. In addition to hyr 
potonia, Cowie (1970) has noted delayed dissolution 
of early reflexes and automatisms — specifically, grasp 
reflexes, Moro response, and automatic stepping. Ab- 
normal or deficient responses have included the trac- 
tion response, position in ventral suspension, and pa- 
tellar jerk. These findings are reported to correlate 
well with developmental performance at age 10 mo. A 
consequence of ligamentous laxity is an atlantoaxial/ 
atlantooccipital instability (Pueschel et al. 1987) 
which poses risk to the cervical spine of perhaps 15%- 
20% of children with Down syndrome (Pueschel and 
Scola 1987), although symptomatic manifestations 
are reported to be rare. 

As the child with Down syndrome matures to an 
adult, another series of neurological concerns arise in 
regard to Alzheimer disease and precocious aging 
(Lott 1982). First described by Jervis (1948), it has 
been established that virtually all brains from individ- 
uals with Down syndrome over age 40 years show the 
neuropathologies! features of Alzheimer disease but 
that a considerably smaller percentage actually de- 
velop clinical symptoms of the disorder (Oliver and 
Holland 1986). When symptomatic, individuals with 
Down syndrome and Alzheimer disease appear to 
show a degenerative syndrome beginning with person- 
ality change, loss of daily living skills, and apraxias 
with progression to a neurovegetative state over 
months to years. The clinical problem of Alzheimer 
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disease in Down syndrome has received much atten- 
tion and has been approached from each of the disci- 
plines in the protocol. 

Neuropsychology and Language 

Over and above the more cognitive impairments, 
specific deficits in linguistic structure (both syntax and 
phonology) and in auditory verbal memory occur in 
Down syndrome (Burack et al. 1988; Fowler 1988, 
1990). Unfortunately, however, these areas are not 
typically represented on omnibus IQ tests. The battery 
of measures outlined in the protocol includes a general 
assessment of cognitive functioning at each age, as 
well as the means to construct characteristic patterns. 
The goal with each subject is to determine whether 
there is a disparity between (a) the mental age func- 
tioning on general IQ measures and (b) age-equivalent 
scores on syntax, phonology, or memory. To assure 
reliable assessment of individual constructs (IQ, mem- 
ory, syntax, phonology), three separate measures are 
recommended for each. The suggested measures were 
selected as being especially analytic, as having valid 
age norms, and for clarity and availability. For lan- 
guages other than English, speech pathologists should 
select measures which assess the areas of interest in a 
similarly analytic fashion. In addition, it is critical to 
assess hearing (both pure tone and impedance), struc- 
tural defects affecting phonology (e.g., cleft palate), 
and visual acuity, before interpreting the results of 
language and cognitive testing. A questionnaire is 
helpful in documenting variables which may influence 
cognitive and language measures — e.g. , variables such 
as history of chronic ear infections, participation in 
early-intervention programs, parental education lev- 
els, and time spent in institutionalized settings. In gen- 
eral, the. use of multiple measures allows for conver- 
gence of findings, which tends to make the results more 
meaningful than does a single measure alone. 

The measures of general cognitive assessment will 
provide an IQ score, a level of cognitive functioning, 
and a mental age equivalent. The latter variable is the 
most helpful, since it can be compared with perfor- 
mance on specific measures of linguistic structure, in- 
telligibility, and memory. When justified by the child's 
level of functioning, the examiner should move up to 
the next level of testing. For each age epoch, three 
measures of general cognitive functioning are recom- 
mended: 

1 . The first measure is a well-normed omnibus mea- 
sure of general intelligence which incorporates motor, 
performance, and verbal factors and which is rela- 



tively free of acquired knowledge. The Bayley Scales 
of Infant Development (Bayley 1 969) is-recommended. 
for the youngest children and has been widely used in 
Down syndrome research. For children functioning at 
the preschool level and beyond, the Kaufman Assess- 
ment Battery for Children (K-ABC; Kaufman and 
Kaufman 1983) is well standardized for both normal 
and exceptional children. The Wecshler Intelligence 
Scales for Children — Revised (Wechsler 1974) should 
be utilized only with higher-functioning older individ- 
uals. 

2. As a second measure of general intelligence, the 
battery includes a separate measure dedicated to re- 
ceptive vocabulary, often used as the core variable in 
general intelligence measures such as the Stanford- 
Binet. The Peabody Picture Vocabulary Test — Re- 
vised (PPVT-R; Dunn and Dunn 1981) serves this pur- 
pose well; the PPVT-R has been standardized on the 
normally developing 30 mo-adult population. 

3; The third measure recommended is the Vineland 
Adaptive Behavior Scales: Interview Edition, Survey 
Form (Sparrow et al. 1984). This measure of adaptive 
functioning is appropriate from infancy to adulthood 
and has been extensively used in individuals with 
Down syndrome. 

These measures provide verbal and nonverbal sub- 
scores, as well as scores on subtests specific to mem- 
ory. In Down syndrome, the findings show that mea- 
sures of IQ, general cognitive functioning, and mental 
age are at least 2 SD below the norm and that perfor- 
mance on these global anchor measures exceeds per- 
formance on measures of language, phonology, and 
memory. All three tests provide norms for both 
English- and Spanish-speaking children; the PPVT-R 
and Vineland tests could be adapted to other lan- 
guages, allowing comparison of absolute scores. 

In individuals with Down syndrome, the develop- 
ment of linguistic structure is impaired not only rela- 
tive to general cognitive development but also relative 
to other "verbal" abilities, including communicative 
function (Beeghly et al. 1990) and vocabulary knowl- 
edge (Evans 1977; Miller 1988). This deficit in lan- 
guage structure is apparent in the length and complex- 
ity of sentences generated spontaneously, as well as in 
the structure of sentences elicited under more con- 
trolled conditions. In the early stages of language de- 
velopment, a particularly useful index of overall lan- 
guage level is the mean length of utterances (MLU) 
produced by the child (Brown 1973; Miller 1981). 
This measure is widely used with normally developing 
children and in special populations as well (Scarbor- 
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ough et al., in press). It is important to complement 
an MLU measure with an elicitation task and with a 
measure of sentence comprehension. In children func- 
tioning below the normal 3-year-old's language level, 
the Reynell Developmental Language Scales (1969) 
assess comprehension and some elicited production; 
the Temple University Short Syntax Inventory {1984) 
provides a brief check on sentence-imitation skills. At 
more advanced language levels, these needs can best 
be met with the The Patterned Elicitation Syntax Test 
(1983) and the Test of Auditory Comprehension of 
Language — Revised (Carrow-Woolfolk 1985). The 
latter test is relatively free of a lexical confound and 
has proved sensitive to individual differences in lan- 
guage function in Down syndrome (Sommers and 
Starkey 1977). 

Phonological development is a notable area of 
difficulty in Down syndrome (Crosley and Dowling 
1989). A standardized articulation test, the Arizona 
Test of Articulation (Fudala and Reynolds 1986), 
measures the adequacy of the subject's production of 
segments in isolated contexts and can be scored for 
language age and percent of intelligibility. To comple- 
ment this, we recommend a measure of intelligibility 
of running speech (Shriberg and Kwiatkowski 1982; 
Shriberg 1986). 

Auditory verbal memory has long been noted as 
a major psycholinguistic deficit in Down syndrome 
(Varnhagen et al. 1987). This deficit is maintained 
for both visual and verbally presented material which 
must be held in verbal store. In addition, memory is 
of some interest because older demented individuals 
with Down syndrome have diminished abilities to 
form new long-term memories, compared with indi- 
viduals with Down syndrome of the same age who are 
not demented (Haxby 1989). To closely examine the 
process of cognitive change in older individuals with 
Down syndrome, we recommend the battery used by 
Haxby for groups IV and V. 

Neurophysiological Measures 

Neurophysiological testing using event- related po- 
tential (ERP) techniques should be performed on all 
age groups. Testing will fall into two domains: re- 
cordings of auditory brain stem-evoked responses 
(ABERs) and recordings of auditory and visual ERPs 
associated with novelty and attention. These testing 
domains have been of particular interest in studies of 
Down syndrome. 

In regard to ABER assessment, neural responses I- 
V will be recorded ( Wilden et al. 1987). The interpeak 



intervals of responses I-II and III-IV have been noted 
to be relatively reduced, and the interpeak interval of 
IV-V has been noted to be prolonged (Squires et al. 
1986). The latency-intensity function of wave V is 
typically steeper than normal in subjects with Down 
syndrome, especially in those with high-frequency 
(8,000 Hz) hearing loss (Squires et al. 1986; Widen 
et al. 1987), and wave V response amplitude is also 
reduced (Widen et al. 1987). 

Novelty-and-attention-related ERP responses (e.g. , 
P3b, Nc, P3A) will be obtained as per Lincoln et al. 
(1985) and Courchesne (1977) for Down syndrome 
age groups III— V and in a fashion analogous to Karrer 
and Ackles (1988) for Down syndrome age groups I 
and II. Auditory ERP responses will be elicited" by 
target phonemes and novel sounds; the visual ERP 
protocol will be analogous to the auditory procedure. 
For all novelty-and-attention ERP responses (e.g. , P3a 
and P3b), peak latencies are longer than normal in 
subjects with Down syndrome (Lincoln et al. 1985; 
Muir et al. 1988). Also, ERP response amplitudes 
(e.g., P3b) tend to be smaller than normal in Down 
syndrome age groups III-V (Lincoln et al. 1985; Muir 
et al. 1988). In addition, the scalp topography of the 
attention-related P3b response is abnormal in Down 
syndrome (Lincoln et al. 1985). These abnormalities 
may be more exaggerated in aged and demented sub- 
jects with Down syndrome (Muir et al. 1988). 

Neuroimaging 

The neuroimaging protocols follow in part from the 
neuropathological data concerning brains of persons 
with Down syndrome (see below) and from quantita- 
tive computed tomography (CT) studies of adults with 
Down syndrome with or without dementia. The most 
accessible neuroimaging procedures which are avail- 
able for children with Down syndrome and which cor- 
relate with other protocol data are CT and magnetic 
resonance imaging (MRI) brain scans. Volumetric 
MRIs should be carried out periodically to assess de- 
celeration of development, cerebellar growth, and the 
appearance of the superior temporal gyrus. When 
quantitative myelin studies are feasible through MRI, 
they may be of additional use. 

Young adults (18-35 years of age) with Down syn- 
drome have brain volumes which, when assessed 
quantitatively with CT, are smaller than those in age- 
matched controls. However, when brain volumes are 
normalized to body height (persons with Down syn- 
drome are shorter than controls), there is no signifi- 
cant difference between subjects with Down syndrome 
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and controls (Schapiro et al. 1987). Thus, there is no 
in vivo imaging evidence of brain-growth reduction 
that is disproportionate to short stature in young 
adults with Down syndrome. 

In older adults (more than 45 years of age) with 
Down syndrome who are demented, quantitative CT 
studies have demonstrated both increased cerebrospi- 
nal fluid (CSF) volume in cross-sectional studies and 
accelerated rates of dilatation of the lateral ventricles 
in longitudinal studies, as compared with age-matched 
controls and with older nondemented adults with 
Down syndrome (Schapiro et al. 1989&). The ar- 
gument that neuroimaging analysis may correlate 
strongly with genotype is supported by the observa- 
tion of Schapiro et al. (1989a) that an individual with 
mosaic Down syndrome, with three copies of chromo- 
some 21 q, was not mentally retarded but at age 45 
years developed dementia, with an enlarged right lat- 
eral ventricular volume (as compared with mean ven- 
tricular volume in nondemented older individuals with 
Down syndrome) and with reduced metabolism in pa- 
rietal association cortical areas (see below). Correla- 
tion of such findings with the neuropsychological bat- 
tery of Haxby (1 989) seems particularly promising. In 
the future, MRI will be preferred to CT for assessing 
volumes of intracranial structures in Down syndrome, 
as MRI provides better measures of gyral and lobar 
dimensions, being free of the CT bone-hardening arti- 
fact. CT, in which cross-sectional areas in the CT 
slices are summed by taking into account slice thick- 
ness and interslice separation, remains adequate for 
assessing lateral ventricular and whole-brain volumes 
(Schapiro et al. 1987, 1989fr). 

Data regarding positron emission tomography 
(PET) scanning in Down syndrome are new, and this 
procedure is not widely available at present. In young 
adults with Down syndrome who are not demented, 
there is a subtle abnormality in the correlations be- 
tween "resting state" glucose metabolic rates in Broca's 
speech area and in frontal /parietal cortical regions 
(Horwitz et al. 1990), but absolute glucose metabolic 
rates do not differ from values in age-matched controls 
(Horwitz et al. 1990). In older demented adults with 
Down syndrome, glucose metabolic rates are reduced 
in parietal and temporal motor areas. These reduc- 
tions are not found in young (18-35 years of age) or 
older (more than 35 years of age) nondemented adults 
with Down syndrome but are identical to PET- 
metabolic reductions in patients with Alzheimer dis- 
ease in the population with Down syndrome (Schapiro 
et al. 1988). 
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Neuropathology 

An understanding of the significance of the struc- 
tural data concerning the development of the brain in 
Down syndrome ultimately depends on neuropatho- 
logical observations. The following features of Down 
syndrome neuropathology are characteristic: (1) fore- 
shortening of the frontal /occipital diameter of the 
forebrain (Zellweger 1977), (2) narrowing of the supe- 
rior temporal gyrus (Kemper 1988), (3) dispropor- 
tionately small cerebellum and brain stem (Crome et 
al. 1966), and (4) normal or nearly normal brain 
weight and head circumference at birth, with slowed 
postnatal growth rate in both of these parameters 
(Roche 1966; Benda 1971). Quantitative MRI can 
document the first three characteristics at any age, and 
the sequential pathology of characteristic 4 is best seen 
with serial MRI at birth-6 years. A characteristic fea- 
ture of the cerebral cortex is a decrease in the small 
neurons in all cortical layers (Ross et al. 1984). This 
can be seen only at autopsy study and requires age- 
matched control material taken from the same areas 
as the samples taken from the Down syndrome brain, 
with processing in an identical manner. 

An underlying assumption is that age-related atro- 
phic changes in the brain occur prematurely in Down 
syndrome (Zellweger 1977; Kemper 1988), particu- 
larly in subjects who begin to demonstrate dementia 
(Schapiro et al. 1988, 19896). These changes include 
mineralization of the globus pallidus, dilatation of the 
lateral and third ventricles, and the accumulation of 
senile plaques and neurofibrillary tangles in the cere- 
bral cortex, hippocampus, and the amygdala. The di- 
latation of the ventricles and mineralization of the 
basal ganglia can be documented during life by MRI 
or CT scans in those who are more than 35 years old. 
The demonstration of senile plaques and neurofibril- 
lary tangles depends on the use of special stains in 
selected brain regions at the time of autopsy and occurs 
in subjects older than 35 years. Their presence in large 
numbers is considered to be evident for Alzheimer dis- 
ease in individuals with Down syndrome ( Wisniewski 
et al. 1985). 
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Summary 

Down syndrome (DS) is a major cause of congenital heart and gut disease and mental retardation. DS 
individuals also have characteristic fades, hands, and dermatoglyphics, in addition to abnormalities of the 
immune system, an increased risk of leukemia, and an Alzheimer-like dementia. Although their molecular 
basis is unknown, recent work on patients with DS and partial duplications of chromosome 21 has suggested 
small chromosomal regions located in band q22 that are likely to contain the genes for some of these features. 
We now extend these analyses to define molecular markers for the congenital heart disease, the duodenal 
stenosis, and an "overlap" region for the facial and some of the skeletal features. We report the clinical, 
cytogenetic, and molecular analysis of two patients. The first is DUP21JS, who carries both a partial 
duplication of chromosome 21, including the region 21q21.1-q22.13, or proximal q22.2, and DS features 
including duodenal stenosis. Using quantitative Southern blot dosage analysis and 15 DNA sequences 
unique to chromosome 21, we have defined the molecular extent of the duplication. This includes the region 
defined by DNA sequences for APP (amyloid precursor protein), SOD1 (CuZn superoxide dismutase), 
D21S47, SF57, D21S17, D21S55, D21S3, and D21S15 and excludes the regions defined by DNA sequences 
for D21S16, D21S46, D21S1, D21S19, BCE I (breast cancer estrogen-inducible gene), D21S39, and 
D21S44. Using similar techniques, we have also defined the region duplicated in the second case occurring 
in a family carrying a translocation associated with DS and congenital heart disease. This region includes 
DNA sequences for D21S55 and D21S3 and excludes DNA sequences for D21S47 and D21S17. The DS 
molecular-overlap region is defined by the three DNA sequences duplicated in both patients and includes 
D21S55, D21S3, and D21S15. These studies provide the molecular basis for the construction of a DS pheno- 
typic map and focus the search for genes responsible for the physical features, congenital heart disease, and 
duodenal stenosis of DS. 



Introduction 

Down syndrome (DS) is a major cause of mental retar- 
dation and congenital heart disease, affecting over 
200,000 persons in the United States (reviewed in Ep- 
stein 1986), In addition to these, other major features 
include a characteristic fades, skeletal anomalies, ab- 
normalities of the immune system, an increased risk of 
leukemia, and an Alzheimer-like presenile dementia. 
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Although usually caused by trisomy 21, a subset of 
these features, including the classical fades and mental 
retardation, may be caused by duplication of band 
q22 (Niebuhr 1974). Subsequent work based on cyto- 
genetic analyses assigned the likely chromosomal loca- 
tion of these features to proximal band 21q22 (Pois- 
sonnier et al. 1976). More recent work based on 
molecular analyses has suggested that the facial and 
some of the other physical features may be associated 
with a duplication of the chromosomal region that 
includes the DNA sequence D21SS5 (Rahmani et al. 
1989). Our recent work analyzing a family with DS 
and a chromosome 21 translocation has defined mo- 
lecular markers for and has narrowed the cytogenetic 
region likely to contain the genes responsible for DS 
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features— including the congenital heart disease, fa- 
cial features, some of the hand and foot abnormalities, 
and a part of the dermatoglyphic features — to the re- 
gion of distal band 21q22.1-q22.3 (Korenberg et al. 
1990). We now present further molecular analyses 
of DS individual DUP21NA (patient IV-1) from this 
family and of another DS individual, DUP21JS, with 
duodenal stenosis (DST). The results define a small 
molecular-overlap region for the DS facial, dermato- 
glyphic, and other physical features and, in addition, 
define molecular markers for chromosomal regions 
that may contain the genes for the congenital heart 
disease and congenital DST of DS. 



Material and Methods 

Molecular Analysis 

The DNA sequence probes used in these investiga- 
tions are all present in single copy in the human ge- 
nome, unique to chromosome 21. FB68L is a cDNA 
probe corresponding to the 3' end of the APP locus 
(Tanzi et al. 1987). The cDNA probe for SOD1 was 
a gift from Y. Groner (Sherman et al. 1983). BCEI, 
a breast cancer estrogen -induced mRNA, was from 
ATCC (Moisan et al. 1985). D21S1 (228C), D21S3 
(231C), and D21S55 (518-8B), from P. Watkins, are 
DNA sequences subcloned in either pBR328 (200 se- 
ries) or pBR322 (500 series), as described by Watkins 
et al. 1985a, 1985fr). Probes for D21S39, D21S44, 
D21S46, D21S47, and SF57 are single-copy DNA se- 
quences (Korenberg et al. 1987). The genomic clones 
for D21S16 (pGSE9), D21S1 7 (pGSH8), D21S15 
(pGSE8), and D2 1S19 (R3) are from G. Stewart (Stew- 
art et al. 1985a, 1985&). The chromosome 17 single- 
copy probe, HHH202 (D17S33) (Nakamura et al. 
1987), was used as the reference for all experiments. 
Approximate map positions for these are indicated in 
figure 5, at the right of the ideogram. Order of se- 
quences is as indicated by physical mapping studies 
(Korenberg et al. 1989; Gardiner et al. 1990; Owen 
et al. 1990; T. Falik-Borenstein and J. R. Korenberg, 
unpublished data). Brackets indicate groups of probes 
for which order has not been established. 

Procedures for DNA isolation and digestion, agar- 
ose gel construction, Southern blotting, probe label- 
ing, hybridization, and autoradiogram development 
were conducted as described by Korenberg et al. 
(1989). All probes were isolated as DNA fragments. 
DNAs for DUP21JS were obtained from a fibroblast 
cell line, for DUP21NA from a lymphoblastoid cell 
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line, and for the diploid control, from peripheral, 
blood. Approximately 3-4 ng of DNA digested with 
EcoRI (Bethesda Research Laboratories) were run per 
lane, in 1.2% agarose gels. As previously described, 
at least two independent gels were run, each with 16 
lanes of alternating DNAs from patient and control. 
Probes were hybridized simultaneously in groups of 
three to five, including the chromosome 17 reference 
probe for each Southern blot membrane produced. 

Cytogenetic Analysis 

Extended chromosome preparations were made 
from peripheral blood lymphocyte cultures by using 
methotrexate synchronization (Yunis 1976). Meta- 
phase-chromosome preparations were made from 
skin-fibroblast cultures by using standard procedures. 
The chromosomes were stained by G-banding (GTG) 
and R-banding (RHG). 

Calculation of DNA Sequence Copy Number 

DNA sequence copy number in DS patient DUP- 
21JS was determined from ratios representing the 
mean of 8-13- paired measurements of autoradio- 
graphic band densities obtained with DNAs from 
DUP21JS and diploid control. Autoradiograms ana- 
lyzed were those generated by exposure of Kodak 
XAR film for the time required to bring the band sig- 
nals to an approximately linear range of the film (de- 
termined using a National Bureau of Standards pene- 
trometer). Each autoradiographic band was measured 
by a Helena EDC densitometer, and the area under the 
curve was integrated by computer. Individual paired 
measurements were calculated as the ratio of the chro- 
mosome 21 test sequence to the chromosome 17 refer- 
ence sequence (Dl 7S33) in DNA from DUP21JS, ver- 
sus this same ratio in the control DNA. For DUP21JS, 
ratios of ~ 1.5 indicate three copies of the test DNA 
sequence versus two copies of the reference sequence, 
whereas ratios of ~1 .0 indicate two copies of both the 
test DNA sequence and the reference DNA sequence. 
The mean ratios were shown by f-test to be signifi- 
cantly different from 1.0 (P< .001) or 1.5 (P< .01; 
P < .001). Ninety-five-percent confidence intervals 
(95% CI) are shown. Similar techniques were used for 
the analysis of DUP21NA. 

Results 

Phenotype and Chromosomal Analysis 

Patient DUP2 1 JS. — This individual, the product of an 
uncomplicated 41-wk gestation, was born to a 25- 
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Table I 



Clinical Features of DS Patient DUP2IJS and of Four Affected Individuals 



Age at evaluation (years) 

Microcephaly 

Brachycephaly 

Flat occiput 

Hypotonia 

Lax ligaments 

Poor suck at birth 

Delayed milestones 

Short stature 

Failure to thrive 

Dementia 

Flat fades 

Up-slanted palpebral fissures 

Epicanthic folds 

Telecanthus 

Brushfield spots 

Flat nasal bridge 

Dentition abnormal 

Macroglossia 

High palate 

Open mouth 

Ears cupped or low set 

Ears small 

Short neck 

Heart anomaly 

Gut anomaly 

Other (exstrophy of bladder) 

Broad hands 

Brachydactyly 

Fifth-finger clinodactyly 

Wide space between first and second toes 

Finger pads 

Third interdigital loops 

Hypothenar patterns 

Distal axial triradius (t") 

Single transverse palmar crease 

Hallucal fibular loop 

First interdigital loop 

Sole open-field patterns 

Note.— A plus sign ( + ) indicates presence of feature; a minus sign ( - ) indicates absence of feature; 
and a blank space indicates that no information was available. 
a PDA = patent ductus arteriosus, closed spontaneously; and DST = duodenal stenosis. 
b Data, for the DS patients from a single DS family, are adapted from Korenberg et al. (1990). 
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Motor speech 
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0/2 




1/2 
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0/4 


+ 
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year-old G2P2 healthy mother and unrelated father. 
Family history was negative, and mother was adopted. 
Birth weight was 3 kg ( - 1 .0 SD), length was 47.8 on 
(1.7 SD), and head circumference was 33 cm ( - 1.5 
SD). The following were noted at birth (table 1): DS 
features were exstrophy of the bladder and DST, both 
of which were surgically repaired. Laboratory results 



included a hematocrit of 60 on day 1 and of 52 on day 
5 with a platelet count of 82,000 and a white-cell count 
of 17,400 (53% polymorphonudeocytes [PMN], 18% 
band PMNs, 25% lymphocytes, 2% monocytes, and 
2% basophils). Cranial ultrasound on day 1 revealed 
mildly prominent lateral ventricles. There was a small 
patent ductus arteriosus that closed spontaneously 
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Figure I Photograph of DS patient DUP21JS at age 2 years. 

and a normal echocardiogram. There have been no 
problems with infections other than occasional otitis 
media and urinary-tract infections secondary to his 
surgeries. Growth has continued since the age of about 
6 mo, at below the 3% for height, weight, and head 




circumference. Motoric developmental delay was 
manifested by onset of cruising at 18 mo and walking 
at 23 mo. Speech was delayed, and, when the patient 
was 2 years of age, his vocabulary was about 12 
words. No formal testing was done, and the family 
was not available for further evaluation. The results 
of the physical exam showing the features of DS at age 
2 years are shown in figure 1 and table 1. 

Figures 2 and 3 illustrate the results of cytogenetic 
analysis of DUP21JS. A total of 45 cells from the blood 
lymphocyte cultures and 10 cells from the skin fibro- 
blast cultures were found to have an abnormal chro- 
mosome 21 with partial duplication of the long arm. 
By cytogenetic analysis, the diagnosis appears to be 
46,XY,inv dups ins (21) (q22.11q22.2q21.1). This 
results in a duplication of the region beginning in mid 
21q21.1 and extending to mid q22.2. However, we 
cannot rule out that the duplication is part of a more 
complex chromosome rearrangement. Parental chro- 
mosomes were normal. 

Patient DUP2INA.— This individual and three other 
members of her family exhibit the features of DS listed 
in table 1 and described in detail by Korenberg et al. 
(1990). These include the facial and hand features, in 
addition to a part of the mental retardation and the 
congenital heart disease of DS. These DS individuals 
carry an unbalanced translocation of chromosome 
21, resulting in a duplication of either 21q22.1 distal 
or q22.2 through qter, defined by both cytogenetic 
and preliminary molecular analyses (Korenberg et al. 
1990). 




Figure 2 Cytogenetic analysis of DUP21JS. In each of the six chromosome pairs the normal 21 is shown on the left, and the duplicated 
21 is shown on the right. The remainder of the karyotype was normal. 
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Figure 3 Ideogram of chromosomes 21 from DUP21JS that 
are shown in fig. 2. The arrows indicate the extent and orientation 
of the duplicated region. The arrowhead indicates the point of inser- 
tion. 



Molecular Analysis 

The cytogenetic overlap region defined by the two 
cases, DUP21JS and DUP21NA, is 21q22.1 (distal)- 
q22.2 and defines the region of chromosome 21 re- 
sponsible for the shared clinical features of DS seen in 
these patients. To more precisely define both the ex- 
tent of the regions duplicated and their molecular over- 
lap, we made use of a physical map of this region. This 
physical map was constructed by using a somatic cell 
hybrid panel (Korenberg et al. 1990) and by quantita- 
tive Southern blot analysis in which a series of cell lines 
aneuploid for parts of a chromosome 21 were ordered 
by using the set of single-copy DNA probes specific 
for chromosome 21, as described in Material and 
Methods. We then used quantitative Southern blot 
dosage analysis and the DNA sequences shown in fig- 
ure 5 to analyze the DNAs from DUP21JS and 
DUP21NA. A photograph of three superimposed rep- 
resentative autoradiograms used for the analysis of 
DUP21JS is shown in figure 4. This figure was gener- 
ated as follows: A single Southern blot membrane was 
hybridized sequentially with three sets of probes. Au- 
toradiograms for a given probe set were generated, 
and the signal was allowed to decay before the subse- 
quent rehybridization. These individual autoradio- 
grams were used for the densitometric analysis. How- 
ever, the low background and precise band shape seen 
on the autoradiograms from each probe set and shown 
together in figure 4 permitted the superimposition of 
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Figure 4 Representative autoradiograms from Southern 
blots used for analysis of DNA sequence copy number in DUP21JS 
and DUP21NA. Alternating lanes containing DNAs from patient 
DUP21JS and from the diploid control (C) are indicated. Autoradio- 
graphic bands corresponding to each DNA sequence are noted at 
the right of the figure. Bands corresponding to APP, D21S17, 
SOD1, and D21S1S appear denser relative to those of the control 
(D 1 7S33) and were present in three copies. This figure results from 
the superimposition of three autoradiograms, each resulting from 
one of three independent sequential hybridizations of the same 
membrane with three different sets of DNA probes. The densitomet- 
ric analysis of copy number was conducted on individual autoradio- 
grams whose bands fell in a largely linear range of film density. 



the resulting three autoradiograms. The relative band 
positions reflect molecular size within but not between 
each probe set, because of the displacement necessary 
to show each band clearly when superimposed. Re- 
gions that have been duplicated are present in three 
copies relative to the chromosome 17 reference probe 
{D17S33). Application of this technique showed that 
the duplication in patient DUP21JS extends from APP 
proximally through D21S15 distally. Results of the 
statistical analysis for patient DUP21JS are shown in 
table 2 and are summarized in figure 5. 

The molecular analysis for patient DUP21NA ex- 
tended the previous study (Korenberg et al. 1990) and 
established that the duplicated region extends from 
D21SS5 through 21qter. The results of the statistical 
analysis are shown in table 2 and are summarized in 
figure 5. Because, on the basis of our physical map, 
the molecular regions of the chromosome that are 
present in three copies appear to be colinear in each 
patient, the alterations in both patients are probably 
simple chromosomal rearrangements. 
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Table 2 

Copy Number in DUP2IJS, for Chromosome 
2 1 -specific DNA Sequences 

Probe Ratio (95% CI) 

D21S16 1.09** (.93, 1.27) 

D21S46 .90** (.66, 1.23) 

D21S1 98*** (.88, 1.09) 

D21S8 1.5 

APP (FB68L) 1-54* (1.30, 1.83) 

SOD1 1.42* (1.09, 1.56) 

SFS7 1.58* (1.37, 1.82) 

D2J547 1.63* (1.41, 1.89) 

D21S17 1.49* (1.38, 1.61) 

D21S55 1.66* (1.52, 1.80) 

D21S3 1.65* (1.38, 1.99) 

D2J5J5 1.51* (1.32, 1.74) 

D21S19 1.06*** (.95, 1.18) 

BCEI 1.02*** (.91, 1.14) 

D21S39 1.04** (.84, 1.28) 

D21S44 95** (.72, 1.26) 

* P < .001 for hypothesis 1.0. 
** P < .01 for hypothesis 1.5. 
*** P<..001 for hypothesis 1.5. 



Discussion 

General Considerations 

From a molecular analysis of patients with partial 
duplications of chromosome 21 and the features of 
DS, we have defined molecular markers for chromo- 
somal regions likely to contain the genes for the con- 
genital heart disease and DST seen in DS. Further, we 
have defined molecular markers for an overlap region 
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Figure 5 Chromosome 21 physical map of regions and DNA 
markers duplicated in DUP21JS and DUP21NA. 



Table 3 

Copy Number In DUP2 1 NA, for Chromosome 
2 1 -specific Sequences 

Probe Ratio (95% CI) 

D21S47 1.16*** (1.01, 1.34) 

D21S17 80*** (.71, .90) 

D21S5S 1.50* (1.32, 1.70) 

D21S3 1.62* (1.45, 1.81) 

* P < .001 for hypothesis 1.0. 
** P< .01 for hypothesis 1.5. 
*** P < .001 for hypothesis 1.5. 



that may be sufficient for the development of the facial 
and some other of the physical features of DS. In inter- 
preting these results, it is important to consider the 
following: First, the definition of chromosomal re- 
gions is limited by cytogenetic resolution, and band 
definition may vary depending on the technique uti- 
lized. Second, a particular feature may be mapped by 
its presence more than by its absence, because, with 
the exception of neonatal hypotonia and mental retar- 
dation, no single DS feature is present in 100% of DS 
individuals with trisomy 21. However, despite this 
variability, map position is strongly suggested when 
a particular feature is (a) present at about the same 
frequency in full trisomy 21 as it is in patients with 
partial duplications of a specific region but (fc) always 
absent when this specific region is not duplicated. For 
example, it is significant that congenital heart disease, 
present in about 40%-50% of DS, has been reported 
in two cases of partial duplications that include the 
distal region of q21q22 (Miyazaki et al. 1987; Koren- 
berg et al. 1990) but has been reported in no cases 
(Park et al. 1987) that do not include the region of 
apparent cytogenetic overlap. As expected, CHD is 
also absent in two cases analyzed molecularly that 
include this region and in six further cases that do not 
include the region (McCormick et al. 1989; Rahmani 
et al. 1989; Korenberg et al. 1990). 

Second, the more specific a feature is to DS, the 
more likely it is that a chromosomal region may be 
defined that contains the genes affecting its formation. 
This applies both to the endocardial cushion defects 
(ECD) characteristic of DS and to the DS DST dis- 
cussed below. For example, about 70% of all ECDs 
are associated with DS (Ferencz et al. 1989). In con- 
trast, less specific features found frequently in other 
aneuploidies of both 21 and other chromosomes, such 
as mental retardation, microcephaly, or the incurved 
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fifth finger, may be affected by genes in more than one 
region of chromosome 21. Nonetheless, although the 
individual facial features are each less specific than 
ECD or DST, they appear to be more associated with 
duplication of the q22.2 region. Finally, from individ- 
uals with partial duplication there is little information 
on other important features, including the risk of leu- 
kemia, Alzheimer-like dementia, and deficits of the 
immune system. 

Our results shown in figure 5 suggest that DNA 
sequences present in both patients— i.e., the overlap 
region — include the chromosomal sequences defined 
by D21S5S, D21S1S, and D21S3, a region of about 
3.7 Mb (Gardiner et al. 1990). The phenotypic fea- 
tures shared by the two patients include the facial fea- 
tures, wide space between the first and second toes, 
broad short hands, incurved fifth finger, and lax liga- 
ments. Our data are consistent with the previous re- 
ports on the molecular analysis of two patients with 
partial trisomy 21, suggesting that duplication of ei- 
ther the D21SSS region (Rahmani et al. 1989) or the 
region between D21SS8 and D21SS5 (McCormick et 
al. 1989) was involved in generating some of the facial, 
hand, and foot features of DS. The region responsible 
for some of the DS facial features has been variably 
localized, by both cytogenetic and molecular tech- 
niques, to the region in or adjacent to band 21q22.2 
(McCormick et al. 1989; Rahmani et al. 1989; Koren- 
berg et al. 1990; reviewed in Park et al. 1987). The 
high-resolution cytogenetic analysis of the overlap re- 
gion reported here for DUP21JS and DUP21NA sug- 
gests that the most likely location of this region is 
either band q22.2 or the adjacent region in band 
q22.1. The difference ; between this assignment and 
that of Rahmani et al. (1989) (to band q22.3) reflects 
the limited resolution of cytogenetic analyses in such 
small chromosomal regions. This is due in large part 
to differences in the banding techniques utilized and 
because band appearances change with chromosomal 
rearrangement. Therefore, definitive mapping of the 
DNA sequences in the overlap region awaits the devel- 
opment of higher-resolution mapping methods on 
normal chromosomes. 

It is important to note that chromosomal regions 
defined for the congenital heart disease and DST in- 
clude the overlap region and may be either located 
within it or entirely separate. Therefore, the current 
data may not be taken as evidence for or against the 
existence of a cluster of genes responsible for all of 
the features of DS. Rather, it is clear from previous 
observations of mental retardation and non-DS dys- 



morphic features seen in individuals with more proxi- 
mal duplications of chromosome 21 (revised in Ep- 
stein 1986 and Park et al. 1987) that genes in other 
regions of chromosome 21 must contribute signifi- 
cantly to the DS phenotype. 

The overlap region defined here includes 2 of the 16 
known chromosome 21-specific expressed genes (Hu 
ets-2 and ERG, an ets-related gene), in addition to 5 
of the 22 known expressed DNA sequences unique to 
chromosome 21 (Gardiner et al. 1990). Clearly, these 
are now of particular interest with respect to their 
effects on growth and development and, when utilized 
for the generation of transgenic mice, may provide 
interesting information on the etiology of DS % 

The DS phenotype-genotype map that results from 
these studies is shown in figure 6. This map was con- 
structed by placing, within the molecular region 
shared, the phenotypic features shared by DUP21JS 
and the DUP21NA family. Other features are placed 
in the region of respective duplication. Therefore the 
map illustrates the minimal regions likely to contain 
the genes whose duplication is sufficient to cause a 
given feature. It does not exclude genes located in 
other regions from contributing to a particular pheno- 
typic feature. For this, more extensive data on the lack 
of specific features are necessary. 

Congenital Heart Disease 

Our findings indicate that the region likely to con- 
tain the genes for congenital heart disease in DS ex- 
tends from D21SSS to the telomere— namely, the re- 
gion duplicated in DUP21NA of the DS family. This 
region comprises approximately 9 Mb (Gardiner et al. 
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Figure 6 DS phenotypic map resulting from molecular anal- 
ysis of DUP21JS and DUP21NA. 
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1990). Further narrowing of the region to the proxi- 
mal half of this segment is suggested by combining a 
knowledge of the chromosome 21 physical map with 
data from the trisomy 16 (Tsl6) mouse. This mouse 
has been the animal model of DS because mouse chro- 
mosome 16 (MMU 16) shares a large homologous 
region with human chromosome 21 (HSA 21) (re- 
viewed in Epstein 1986). The Tsl6 mice have a high 
incidence of congenital heart disease (Miyabara et al. 
1982) similar to that seen in DS, suggesting that the 
genes in the MMU 16 regions that are homologous to 
HSA 21 regions may be responsible. Preliminary data 
indicate that this region of homology includes only the 
proximal half of the region duplicated in DUP21NA 
and defined by D21SSS through MX1, the MX influ- 
enza virus-resistance gene (Cheng et al. 1988; Reeves 
et al. 1989; Gardiner et al. 1990). Therefore these 
data, combined with ours, may narrow, to about 4- 
5 Mb, the region of chromosome 21 likely to contain 
the genes for DS congenital heart disease. This size of 
region may contain about 30 expressed genes, only a 
subset of which are expressed in the fetal heart. There- 
fore such studies may directly bridge the gap that 
allows the definition and testing of small numbers of 
genes responsible for heart disease. 

DST 

DST occurs in 1 in 10,000-40,000 live births but 
in 4%-7% of DS infants with full trisomy 21 . Further, 
infants with DS constitute about 35% of infants with 
congenital DST (Lynn 1969). Consequently, although 
patients with DST and duplications of chromosome 
21 are rare, definition of their duplicated regions may 
prove valuable in defining the genetic basis of DST. 
The duplicated region in DUP21 JS provides a molecu- 
lar definition of the regions of chromosome 21 that 
may be involved. This extends from D21S8 through 
D21S15, a region of greater than 26 Mb. Although 
this is a large region, it is important to note that this 
excludes almost 40% of the known genes on chromo- 
some 21 . 

The exstrophy of the bladder seen in DUP21JS is 
seen rarely in many chromosomal aneuploidies. It is 
neither specific nor common in DS and is therefore not 
placed on the phenotypic map. 

Chromosome 2 1 Physical Map 

Molecular analysis of the two cases presented in 
the present report further defines the physical map of 
chromosome 21 . The inclusion of the DNA sequence 
DS1S15 in the duplication of DUP21JS maps it distal 
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to D2 1 S3 but proximal to D2 1 S39 4 D21S1 9, D2 1 S44, 
and BCEI, as shown in figure 4. Our cytogenetic analy- 
sis suggests that its possible map location is close to or 
within band 21q22.2. Further, the position of D2 1SSS 
as distal to D21S17 (Rahmani et al. 1989) is con- 
firmed. The results presented in the present report be- 
gin to provide a basis for defining the molecular biol- 
ogy of both DS congenital heart disease and DS DST. 
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ABSTRACT Down syndrome (DS) is a major cause of 
mental retardation and congenital heart disease. Besides a 
characteristic set of facial and physical features, DS is associ- 
ated with congenital anomalies of the gastrointestinal tract, an 
increased risk of leukemia, immune system defects, and an 
Alzheimer-like dementia. Moreover, DS is a model for the 
study of human aneuploidy. Although usually caused by the 
presence of an extra chromosome 21, subsets of the phenotypic 
features of DS may be caused by the duplication of small 
regions of the chromosome. The physical map of chromosome 
21 allows the molecular definition of the regions duplicated in 
these rare cases of partial trisomy. As a first step in identifying 
the genes responsible for individual DS features and their 
pathophysiology, a panel of cell lines derived from 16 such 
individuals has been established and the molecular break points 
have been determined using fluorescence in situ hybridization 
and Southern blot dosage analysis of 32 markers unique to 
human chromosome 21. Combining this information with 
detailed clinical evaluations of these patients, we have now 
constructed a "phenotypic map" that includes 25 features and 
assigns regions of 2-20 megabases as likely to contain the genes 
responsible. This study provides evidence for a significant 
contribution of genes outside the D21S55 region to the DS 
phenotypes, including the fades, microcephaly, short stature, 
hypotonia, abnormal dermatoglyphics, and mental retarda- 
tion. This strongly suggests DS is a contiguous gene syndrome 
and augurs against a single DS chromosomal region responsible 
for most of the DS phenotypic features. 



Down syndrome (DS) is a major cause of mental retardation, 
congenital heart disease (CHD), and congenital anomalies of 
the gastrointestinal tract affecting the welfare of >300,000 
individuals and their families in the U.S. alone. DS is also 
associated with a characteristic set of facial and physical 
features, defects of the immune and endocrine systems, an 
increased risk of leukemia, and an Alzheimer-like dementia; 
moreover, it is the prototype for the study of human aneu- 
ploidy. 

From classical studies in plant genetics, pioneered by 
Blakeslee (1) in Datura , it was known that trisomy for 
chromosome arms produced easily recognizable phenotypes. 
When human trisomies were discovered, Patau (2) immedi- 
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ately planned to use partial trisomies as a way of mapping the 
diverse symptoms of these individuals. His earliest attempt is 
summarized in ref . 2. The present paper continues the theme, 
using the much more refined methods of modern cytology 
and molecular genetics. 

With the discovery that DS was caused by trisomy 21 (3, 
4), and the subsequent proposal that chromosome 21 band 
q22 was "pathogenetic" for DS (5), the foundation was laid 
for elucidating the fundamental biochemical and morphoge- 
netic pathways of abnormal development in this aneuploidy. 
There followed a series of reports of individuals with "partial 
trisomy 21" (for review, see ref. 6) that appeared to indicate 
that regions might be defined that were likely to contain genes 
responsible for particular features of DS. These studies 
provide the basis for construction of a DS phenotypic map. 

By "phenotype" we mean a measurable parameter and 
include clinical, physical, cellular, and physiological compo- 
nents. By "phenotypic mapping" we mean the molecular 
definition of a physical region that is likely to contain the 
gene(s) whose overexpression is ultimately responsible in 
part for the phenotype. The current revolution in human 
molecular genetics and the development of a physical map of 
chromosome 21 now provide the possibility to understand the 
genetic basis for some of these defects and, therefore, to 
provide a necessary first step for their prevention, amelio- 
ration, and perhaps ultimately, their treatment. 

Phenotypic maps provide the basis for clinical prognosis 
for individuals with partial aneuploidy for chromosome 21, 
and when of high resolution, the basis for the identification of 
the genes responsible for the phenotypes. One approach to 
this combines the phenotypic information from individuals 
with "partial trisomy" such as those described above with a 
molecular definition of their duplicated chromosomal re- 
gions. Once the molecular markers for a region are defined, 
the genes within it may then be identified, characterized, and 
ultimately tested for their relationship to a given phenotype. 
This report describes the molecular and phenotypic definition 
of these individuals, provides a theoretical framework, and 
utilizes this to construct a molecular "map" of the pheno- 
types associated with-DS. 

MATERIALS AND METHODS 

Two methods are used to define the regions duplicated in 
patients with partial aneuploidy for chromosome 21. These 
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are quantitative Southern blot dosage analysis and fluores- 
cence in situ hybridization (FISH). Each utilizes a series of 
previously mapped chromosome 21 DNA markers to define 
the copy number and/or structural rearrangement character- 
izing the aneuploid chromosome. 

The approximate map positions and order for each of these 
loci is as indicated by physical mapping studies (7-10). 

Procedures for DNA isolation and digestion, agarose gel 
construction, Southern blot analysis, probe labeling, hybrid- 
ization, and autoradiogram development were conducted as 
described by Korenberg et al. (11). Southern blots utilized 
8-12 paired lanes (16-24 lanes total) of patient and control 
DNAs. Densitometric analyses utilized the logarithmic trans- 
formation of density measurements. All probes were isolated 
as DNA fragments for Southern blot procedures or as plas- 
mids or cosmids for FISH studies. The sources and refer- 
ences for all probes used can be found in Human Gene 
Mapping 11 (12). DNAs were obtained from peripheral 
blood, fibroblasts, or lymphoblastoid cell lines. FISH studies 
were conducted with the techniques and procedures as 
described in Korenberg et al (13). 

Extended metaphase chromosome preparations were 
made from peripheral blood lymphocyte cultures by using 
methotrexate synchronization (14) and from skin fibroblast 
cultures. The chromosomes were stained by GTG-banding 
and reverse-banding techniques. 

RESULTS 

As a first step in establishing a "phenotypic map," a panel of 
individuals with partial duplications of chromosome 21 was 
assembled. By the DS protocols for clinical assessment 
established in Epstein et al (6), the clinical features of 16 
individuals with partial trisomy 21 were defined. Complete 
data were unavailable in many cases. All data were taken 
from the published literature or from the original records of 
the examining geneticist and were confirmed by follow-up 
examinations or discussions with the family and patient. The 
clinical evaluations are summarized in Table 1. 

By using the Southern blot and FISH techniques, the 
chromosome 21 molecular content has been determined in 
the 16 cell lines derived from the individuals with partial 
trisomy 21. The results of the molecular studies are given in 
Table 2 and are summarized in Fig. 1. 

DISCUSSION 

It is useful to review the phenotypic features of DS as they 
provide a view of the potential of this approach for under- 
standing the development of complex phenotypes. These are 
detailed in recent reviews (15, 16). 

There are several important issues. (/) Trisomy 21 is 
associated with a rich variety of phenotypes. (//) As seen in 
most autosomal dominant single-gene disorders, most of the 
phenotypic features are variable in both prevalence and 
expression. Two exceptions are the existence of mental 
retardation and neonatal hypotonia in close to 100% of 
individuals with DS. {Hi) DS phenotypes may provide signif- 
icant models for understanding development even when they 
are variable or of low frequency. For example, duodenal 
stenosis is seen in 4-7% of individuals with DS, but this 
accounts for 30-50% of all congenital duodenal stenosis (11). 
Moreover, although the DS endocardial cushion defects 
represent only ~50% of DS CHD, individuals with DS 
account for close to 70% of all endocardial cushion defects 
(11). For both of these features, and quite likely for more, 
these data suggest the existence of gene(s) on chromosome 21 
that are important in the development of the heart and gut 
both in DS and in normal individuals (11). Similar consider- 
ations suggest the existence of genes on chromosome 21 
involved in the development of megakaryocytes (acute mega- 
karyocytic leukemia) (17), the cornea (keratoconus) (for 



Table 1. Clinical features of 16 patients with partial trisomies of 
chromosome 21 
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+ 


+ 


+ 






+ 










Wide gap toes 1 & 2 






+ 










+ 




+ 






+ 


+ 




+ 


Abnl. dermatoglyphics 






+ 








+ 


+ 




+ 






+ 


+ 




+ 


Palmar crease 


+ 


± 


+ 


+ 


+ 














+ 






+ 




Hypotonia 






+ 


+ 


+ 


+ 


+ 




+ 






+ 


+ 


+ 






Lax ligaments 


P 


59 


M 


M 


M 


M 


43 


P 


M 


37 


P 


M 


42 


P 


P 


52 


IQor MR 

(Moder. or Profound) 



+ , Presence of a feature; absence of feature; ±, borderline or 
marginal presence of feature; blank, no information was available. 
MR, mental retardation; P, profound MR; M, moderate MR. 



review, see ref. 18), aging (amyloid precursor protein) (for 
review, see ref. 19), and the brain (for review, see ref. 20). 
Although this last requires the more precise definition of 
specific phenotypes, an intriguing first candidate may be 
found in the investigation of the specific abnormalities of the 
brain-stem auditory-evoked potentials seen in DS. Because 
these are measurable at all ages, it may be possible to define 
small molecular regions containing fewer than 10 genes. 
Clearly, the potential relationship of such physiological 
"phenotypes" to the DS clinical cognitive abnormalities of 
auditory-verbal processing may be of significant interest for 
understanding a part of the mental retardation seen in DS. 

There are many well-established potential sources for the 
phenotypic variability seen in full trisomy 21. This includes 
allelic heterogeneity for chromosome 21 (trisomic) genes, 
epistatic interactions (of chromosome 21 genes with genes on 
21 or on other chromosomes), imprinting effects (variability 
of gene expression associated with the parental origin of the 
third chromosome 21), and environmental including stochas- 
tic and other pre- and postnatal events. These sources may 
clearly affect single-gene traits and the considerations of 
mechanism are similar. However, for individuals with partial 
aneuploidy, the chromosome structure is altered and the 
potential for position effects must also be considered, par- 
ticularly for genes placed in close proximity to telomeres or 
to centromeres. For example, as in lower organisms, it is not 
unreasonable to expect that the expression of genes in a 
trisomic region or in regions bordering a deleted region may 



Genetics: Korenberg et al 



Proc. Natl. Acad. Sci. USA 91 (1994) 



4999 



Table 2. Results of the molecular studies on our eight patients 
with partial trisomy of chromosome 21 







;c 




GY 




WB 




K ) 




DS 




SOL 




JSB 




SM 




Probe 


Locus 


Ratio 


I 


Ratio 


# 


Ratio 


• 


Ratio 


• 


Ratio 


« 


Ratio 


* 


Ratio 


t 


Ratio 


* 


pGSE9 


D21S16 


152 


3 


2.19 


3 


0*3 


2 






0.90 


2 






038 


2 






pGSM21 


D21S13E 


















1*4 


2 














P21-4U 


D21S110 










1.06 


2 


1.14 


2 


0*2 


2 


1.10 


2 










pPW22BC 


D21S1 


130 


3 






0*2 


2 






1.49 


3 










1.20 


2 


pPW236B 


D21S11 


































pUT-BU 


D21S116 










1-87 


3 






















pPW245D 


D21S6 


139 


3 






1.70 


3 


1.18 


2 


1.46 


3 






0.86 


2 


0.69 


2 


FB68L 


APP 


153 


3 


236 


3 


Z20 


3 






1.45 


3 






1.19 


2 






pUT-B79 


D21S121 


































JG108 


D21S99 




3/ 






























pPW513-5H 


D21S54 


1.18 


2 


133 


3 


135 


3 


0*0 


2 










0*4 


2 






JC77 


D21S93 


1.13 


2 


0.88 


2 


1.12 


2 


1.79 


3 






1X6 


2 


1.11 


2 






pUT-CO 


D21S129 


1.17 


2 






0*7 


2 










2.00 


3 


0.82 


2 






pSODl 


SOD1 


0.90 


21 


0.80 


2 


1.10 


2 


139 


3 


1.64 


3 


2.60 


3 










pPW524-5F 


D21S58 










1.64 


3 


159 


3 


















pPW525-5H 


D21S65 


0.93 


2 


0.99 


2 


1.90 


3 


1.40 


3 






1.40 


3 










pCSHS 


D21S17 


1X2 


2 


0.89 


2 


134 


3 


1.90 


3 


U6 


3 


1.90 


3 


1*5 


2 


0.93 


2 


pPW51MR 


D21S55 


1.07 


2 






1.46 


3f 














1*8 


3 


131 


3 


VS9 


ERGB 


0.86 


2 


0.82 


2 


139 


3f 














2*3 


3 






pH033 


ETS2 


0.93 


2 


0.93 


2 


0*2 


2 






















pPW231C 


D21S3 






0.96 


2 


0.76 


2 


















1.68 


3 


pGSES 


D21S15 


1.13 


2 


1X5 


2 


0.77 


2 


1.65 


3 


1.53 


3 


1.60 


3 






135 


3 


SF13a 


D21S39 


0.98 


2 


1.05 




















158 


3 


1.41 


3 


MX la (1800) 


MX1 














1.09 


2 


















pS2 


BCEI 


0.95 


2 






1.08 


2 






















pGSB3 


D21S19 














1X12 


2 


















pGEM3 


PFKL 






1.15 


2 


























3.1.1 


ITCB2 






0.89 


2 


1.00 


2 






















SF50 


D21S44 


1.01 


2 


122 


2 


0.42 








155 


3 






1.49 


3 






pMLl 


COL6A1 


0.80 


2 






058 


1 






1.99 


3 














pMLIB 


COL6A2 






















1.80 


3 










pKN3 


S100B 


































PUT-B88 


D21S123 


1.00 


2 






0.50 


1 


1*7 


2 


1.42 


3 






1.65 


3 







Ratio and copy number are given for Southern blot analyses, f, 
Independent test result by FISH study. 



be decreased when rearrangement places them in regions of 
different chromatin structure such as centromeres, telom- 
eres, or different bands. This apposition and the consequent 
potential change in expression may generate phenotypic 
variability unrelated to the genes in the aneuploid region. 
Such effects of chromatin environment on gene expression 
have not been demonstrated in humans but could be tested in 
this system. 

The ultimate goal of constructing a phenotypic map is to 
define molecularly the chromosomal regions and ultimately 
the genes that are responsible for particular phenotypes. To 
do this, both the phenotypes and the molecular data must be 
well-defined. Although some individuals with small duplica- 
tions exist, more often, the molecular data from many 
individuals must be combined to define small regions of 2-3 
megabases that are suitable for molecular analysis. To com- 
bine data, one must consider the potential for both the 
phenotypic variability described above and for multiple sites 
affecting a single phenotype. When a trait is caused by the 
overexpression of a single gene or gene cluster, we may 
define the region containing that gene simply as the region of 
minimal molecular overlap of all individuals exhibiting the 
phenotype. However, if genes in more than one region 
contribute significantly to the phenotype, a simple overlap 
procedure may erroneously define the overlap region as 
containing the genes when, to the contrary, the gene(s) 
responsible are located in the nonoverlapped region. There- 
fore, it is important to determine which traits are caused 
largely by single genes or loci. To determine this, we should 
not ask which region is responsible, but rather, what part of 
the variability of a trait is contributed by the overexpression 
of genes in a given region. This question may be formulated 
in the classical genetic terms of penetrance, the probability of 
expressing a trait given the presence of the gene responsible 
and expressivity, the variability of phenotypic expression of 
a trait, given that it is expressed. 



The gene(s) in a single region may be largely responsible for 
a given phenotype when the penetrance and the expressivity 
of the trait are the same in individuals with full trisomy 21 and 
in individuals with duplications of the single region. 

Then, as has been demonstrated, a simple overlap proce- 
dure may be used to create a phenotypic map. The expec- 
tation is that individuals whose duplication does not include 
the candidate region will not express the trait at a frequency 
above that seen in the normal population. 

This supposition seems to hold true for the CHD seen in 
DS, in which the frequency of CHD in partially trisomic 
individuals varies with the region duplicated. In previous 
cytogenetic studies of individuals with duplications of regions 
outside of distal 21q22, 0% (0 out of 12 individuals) had CHD, 
whereas in 50% (9 out of 18) of those carrying duplications 
that included the region of distal 21q22.2-q22.3, CHD was 
evident (6, 11). Moreover, 33% (3 of 9 with CHD) had 
atrioventricular septal defects, similar to the proportion seen 
in full trisomy 21. Therefore, we may consider that the 
penetrance (percentage of DS with CHD) and expressivity 
(percentage of DS CHD that is atrioventricular septal defects) 
of CHD are similar in duplications of distal 21q22 and full 
trisomy 21. This suggests a single locus responsible for most 
of the variability of the trait. 

By partitioning phenotypic variation in terms of penetrance 
and expressivity, our model allows for the definition of 
multiple-ioci-affecting traits. For example, recent evidence 
suggests a possible role for COL6A1 in generating DS CHDs 
(21). Such evidence would not necessitate a change in the 
map but could now be expressed as contributing a portion of 
the penetrance or expressivity of phenotypic variability, such 
as atrioventricular septal defects vs. atrial septal defects. 

The DS phenotypic map, based on the 16 patients in this 
panel, is shown in Fig. 2. The gene candidate regions are 
defined and noted to reflect the possible contribution of one, 
two, or three and greater numbers of loci to the phenotype. 
This is to accommodate that, for less common traits in which 
the numbers of informative cases for any given phenotype 
become limiting, an analysis of penetrance and expressivity 
cannot be done. Moreover, in contrast to DS CHD, complete 
data for most phenotypes are lacking. Therefore, where only 
small numbers of informative cases exist, minimal regions are 
defined by the duplication observed and second sites must be 
considered. Finally, multiple genes must affect a trait when 
two nonoverlapping duplications exhibit the same pheno- 
type. Where multiple nonoverlapping duplications are asso- 
ciated with a phenotype, each "island" of duplications may 
be analyzed separately. 

Therefore, on the DS phenotypic map (Fig. 2), the follow- 
ing hierarchy of conventions is used: 

If a single gene or cluster is responsible for most of the 
variability of a phenotype, the thick lines indicate its location. 
This minimal region is defined by the overlap of all contig- 
uous cases manifesting the phenotype or by a single case, 
where only one exists. Where a single thick line is present, 
duplications including this minimal region generate pheno- 
types with the same penetrance and expressivity as seen in 
full trisomy 21; where there are two minimal regions, both 
would be necessary. However, for both single and double 
minimal regions, all cases with the phenotype must include at 
least one of these regions. - 

If two or more genes or clusters in a single island are 
responsible for a phenotype, the thin lines indicate the extent 
beyond the minimal region in which the two genes may be 
located. These are defined by the sum of the duplicated 
regions that have been independently associated with a 
phenotype. As for minimal regions, all cases with the phe- 
notype would include at least one of these regions. 

If three or 'more genes or clusters on chromosome 21 con- 
tribute to a phenotype, the dashed lines indicate the regions in 
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Fig. 1. Graphic summary of molec- 
ular studies on the 16 individuals used 
for the DS phenotypic map in Fig. 2. 
Solid lines, regions of duplication tested 
directly; dotted lines, findings inferred 
from family members with the same 
karyotype. Superscript indicates refer- 
ence of published study; all other data 
have been collected by this laboratory 
except for data from TETRA21MI, 
which were from CD., S.S., and J.R.K. 
(unpublished data). All cell lines are 
lymphoblastoid, except for GM 0144 
and GM 1413, which are fibroblast lines 
obtained from the Human Genetic Mu- 
tant Cell Repository. *, Indicates aber- 
ration involving chromosome 21 only. 



which the third may be located. These are defined by (usually 
large) duplications that have been associated with a phenotype 
but that include two nonoverlapping minimal or maximal re- 
gions, each of which must contain at least two genes. 

The open regions have not been associated with the 
phenotype. 



One significant conclusion from this map is that genes 
outside the D21S55 region also contribute to what has been 
called the DS phenotype. This is based on the observations 
(Fig. 1 and Table 1) from three individuals with proximal 
trisomies that do not include this region but clearly exhijbit 
typical DS features. It is not clear whether these features are 




Fig. 2. Phenotypic map of 25 features associated with DS (see text for description and discussion of figure). 
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also affected by genes in other regions. However, the exis- 
tence of second sites for many is expected in that all are 
somewhat nonspecific. In comparison to our model, Sinet 
and coworkers (22) utilize overlap exclusively to create the 
DS map. Because 9 of their 10 subjects include the region 
D21S55, it is difficult to conclude otherwise than this region 
is important in all of the features. Nonetheless, when viewed 
as minimal regions, their regions overlap ours for those 
features analyzed in common. However, the inclusion of only 
a single case with a non-D21S55 duplication limits the eval- 
uation of a DS chromosomal region and excludes the clear 
contribution of other regions to the DS phenotypes seen in 
our study. 

A DS chromosomal region would imply that a single gene 
or gene cluster exists whose duplication is largely responsible 
for all DS features. From the DS phenotypic map data 
presented in Fig. 2, it is unlikely that such a region exists. We 
have shown that the duplication of regions distinct from distal 
21q22 is sufficient to produce many of what have been called 
typical DS features. These second sites emphasize the ne- 
cessity for an approach such as that detailed above for the 
construction of phenotypic maps. This would seem to suggest 
an alteration in nomenclature: away from the DS region and 
toward a more specific group of terms that associate partic- 
ular regions with specific phenotypes, for example a DS CHD 
region or a DS gastrointestinal tract region. 

Further indication for the role of multiple genes derives 
from the location of the chromosome 21 gene for amyloid 
precursor protein that is responsible for one type of familial 
Alzheimer disease, and possibly for the increased incidence 
of Alzheimer disease in DS. This is considerably distant from 
a region (i)27555-telomere) that is in part responsible for 
numerous other features including DS CHD (11). Moreover, 
although not yet shown, it has been suggested that the 
chromosome 21 gene for acute megakaryocyte leukemia 
associated with the 8;21 translocation (23) is also responsible 
for DS-leukemia risk. This gene is also found outside the 
region of D275J5-telomere. In contrast, we may still ask 
whether a subset of the DS phenotypes may be caused by or 
in some measure affected by the overexpression of a single 
gene or cluster. The current data from all sources are not 
adequate to resolve this question. In specific, there is still 
overlap between the regions defined for DS CHD, duodenal 
stenosis, and a part of the facial and other physical features, 
all of which could, in principle, be caused by a single gene. 

Therefore, DS and its phenotypes are most accurately 
thought of as the result of the overexpression and subsequent 
interactions of a subset of the genes on chromosome 21. The 
DS phenotypic map thus reflects the nature of DS as a 
contiguous gene syndrome. Although usually reserved for 
syndromes caused by small deletions in which the genes are 
more readily defined, the term equally well represents the 
characteristic traits of DS. 

Finally, while not directly related to DS, decreases in 
chromosome 21 gene copy number are under investigation 
(24) and may also shed light on underlying mechanisms 
leading to abnormal development. When the regions have 
been cloned in large fragment vectors such as yeast artificial 
chromosomes or bacterial artificial chromosomes, these re- 
agents may be used to isolate and evaluate genes that are 
expressed in human (or mouse) embryonic tissues. For DS 
CHD, the entire region has been cloned in yeast artificial 
chromosomes, and cDNA libraries are being constructed 
from tissues obtained at this period of development. 

All data suggest that we will be able to define the genetic 
basis of DS phenotypes and that this understanding will 
provide clues to understanding normal human embryonic 
development. Moreover, it will ultimately provide a basis for 



understanding and perhaps ultimately treating the associated 
defects, including CHD, gut disease, and some of the mental 
retardation. 
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